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CHAIRMAN’S INTRODUCTION 


By Otto Struve* 
NATIONAL RADIO ASTRONOMY OBSERVATORY, GREEN BANK, WEST VIRGINIAT 


In October, 1959, the National Academy of Sciences proposed to the Academy 
of Sciences of the U.S.S.R. the holding in the United States of a symposium in 
the field of radio astronomy. This proposal was in accordance with the provision 
of Article, VII of the Inter-Academy Exchange Agreement, which states that 
both signatories “agree on the desirability of conducting, in the U.S.S.R. and the 
U.S.A., joint symposia on current scientific problems in specialized fields.” At 
the request of President Detlev W. Bronk, I agreed to make the necessary arrange- 
ments for the symposium. On the Soviet side, the planning was in the hands of 
A. G. Masevich, of the Astronomical Council of the Academy of Sciences of the 
U.S.S.R., and V. V. Vitkevich, both of whom had been recent visitors in the United 
States. 

By mutual agreement between the American and Soviet organizers, the sym- 
posium was held May 15 20, 1961, at Washington, D. C., and Green Bank, West 
Virginia. About thirty American radio astronomers attended. Six Soviet 
scientists attended: V. V. Vitkevich, P. D. Kalachev, A. D. Kuzmin, and R. 
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L. Sorochenko of the Lebedev Physics Institute, Moscow; G. G. Getmantsev of 
the Gorky State University; and V. A. Sanamyan of the Byurakan Astrophysical 
Observatory in Armenia. The opening ceremonies took place at the National 
Academy of Sciences on May 15, with greetings from President Bronk and myself; 
Professor Vitkevich brought greetings from Academician A. N. Nesmeyanov, 
President of the Academy of Sciences of the U.S.S.R., while Professor Sanamyan 
greeted the audience on behalf of Academician V. A. Ambartsumian, President of 
the Academy of Sciences of the Armenian Soviet Socialist Republic and a Foreign 
Associate of the National Academy of Sciences. 

At Green Bank, May 16-19, the scientists discussed galactic and extragalactic 
radio astronomy and the construction of large radio telescopes. The symposium 
was restricted to these subjects because much work in both countries had been 
devoted to these fields, and there was insufficient time to include other topics. 
During the course of the symposium special study groups gathered informally to 
discuss the polarization of radio sources, 21-em line studies, discrete sources, and 
design parameters for large radio telescopes. 

There were also many opportunities for the American and Soviet delegates to 
become better acquainted, both professionally and personally. This was weleomed 
by all the delegates. 

* Unfortunately, the chairman and organizer of the symposium died before he could read the 
final proofs of the papers and abstracts. 

t Operated by Associated Universities, Inc., under contract with the National Science Founda- 
tion. 


A REVIEW OF THE HISTORY, PRESENT STATUS, AND COURSE 
OF AMERICAN RADIO ASTRONOMY 


By F. D. Drake 
NATIONAL RADIO ASTRONOMY OBSERVATORY, GREEN BANK, WEST VIRGINIA* 


It is hardly necessary to review with this audience the earliest moments of 
American radio astronomy. We are all familiar with the work of Karl Jansky which 
led to the original discovery of cosmic radio waves, and we continue to look back 
with amazement at the way in which this discovery was ignored, apparently because 
Jansky’s observations were at great variance with the popular picture of cosmic 
physics that was in vogue at the time. It was in fact left to another American, an 
enterprising amateur with nothing to lose, Grote Reber, to pluck the first prizes 
from the treasure-trove of new discoveries left by Jansky. Reber’s early travails 
and successes in radio astronomy will remain as one of the great sagas of modern 
science, 

Reber’s revolutionary work might have generated great activity in radio as- 
tronomy, had it not been for the war which followed his activity and made great. 
demands on all the available scientists. World War II did produce some positive 
results in the form of a great new body of knowledge and equipment in electronics 


which was subsequently to be applied to the measurement of cosmic radio noise, 
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and it also acquainted many astronomers with radio technique. However, after 
the war, American astronomers were able to return to the numerous outstanding 
optical instruments which were available in the United States. Since these in- 
struments were the best in the world, there was no incentive for American astron- 
omers to search for other paths to pre-eminence. This was not true elsewhere—in 
Kurope, not only were there no large instruments, but the climate was not generally 
conducive to good optical seeing. But it was as good as any for radio seeing. 
Thus, in Europe and also in Australia, the attraction to radio astronomy was very 
great, and the first major efforts in the field followed in these places. 

American radio astronomy hardly existed, even in the early 1950’s. One did 
find a few small pioneering groups made up of radio physicists attracted to the prom- 
ise of radio astronomy, such as the group at Cornell University which made solar 
observations in the late 40’s and early 50’s. One very foresighted event during this 
period was the establishment of a radio astronomy group at the Naval Research 
Laboratory, which had the vision to construct what was then a giant radio tele- 
scope, the 50-foot antenna, and to make this antenna usable at the then neglected 
centimeter wavelengths. This antenna, which is still a major instrument today, 
has had probably the greatest longevity of any radio telescope. This is a compli- 
ment to its original planners. Another remarkable event during this period was the 
discovery of the 21-cm line at Harvard by Ewen and Pureell. It is in keeping with 
the history of this period, as outlined before, that this experiment was conducted by 
the physics department of Harvard University, despite the fact that one of the ma- 
jor American observatories, with a strong interest in galactic research, was located 
at the same university. 

It was not until about 1954 that the United States really woke up to the impor- 
tance of radio astronomy and realized that this was to be a prime field of scientific 
activity during the foreseeable future. The curve of activity took a sudden turn 
to a sharp upward trend which has not slowed to thisday. Major instruments were 
built at the Department of Terrestrial Magnetism and The Ohio State University. 
Harvard University instituted graduate study in radio astronomy and almost im- 
mediately became the primary source of new American radio astronomers, a situ- 
ation that has continued until not too long ago. In connection with this program, 
a 24-foot telescope was built for 21-cm studies. This was for quite some time the 
largest equatorially mounted radio telescope in the world, and many of us remember 
people coming from all over the world to marvel at it. It hardly seems possible 
that this was only six years ago. 

It was at about this time that the Naval Research Laboratory commenced its 
radio studies of the planets. These studies were expected to yield little new data, 
since there was confidence that the planets were quite well understood. However, 
it has since turned out that such things as the greenhouse effect and radiation belts 
had not been recognized, with the result that these studies and later ones at other 
American observatories have yielded quite exciting new information about the solar 
system—information which now plays a vital role in the development of our deep 
space program. It has been one of the anomalies of the development of radio 
astronomy in general that, with the exception of some Australian work on Jupiter 
and some recent Soviet work on Venus, virtually all planetary research has been 
carried on in the United States. 
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The years 1954 and 1955 also saw the first stages of long-range projects designed 
to give mankind in time its most powerful radio telescopes. One of these was the 
commencement of the radio observatory of the California Institute of Technology, 
where it was daringly proposed to construct an enormous variable base line inter- 
ferometer using two 90-foot antennas and an intricate electronics installation. To 
overcome the results of the default of America in producing radio astronomers, 
experts from the experienced Australian group at Sydney were brought here to 
plan this project. I think we are all aware of the massive flow of vital data which 
has emanated from this project since its instruments went into operation some two 


years ago, and we can hope that this flow will continue. 

Another long-range project started as long ago as 1955 was the establishment of a 
national radio astronomy observatory, where the national scientific resources could 
be pooled to produce the very expensive major instruments of radio astronomy the 
United States then lacked. A great effort was made to locate a superior site with 
extremely low radio interference levels, suitable terrain and climatic conditions, 
and easy access to the large numbers of eastern astronomers who were then without 


major observational facilities. The excellent large site near Green Bank, West 
Virginia, was chosen, and construction of observatory facilities was commenced in 
1958. The first major instrument was to be a 140-foot telescope of extremely great 
precision, which was also commenced in 1958. There was early optimism that this 
telescope could be finished quickly. However, American radio astronomers, 
and particularly those of us at Green Bank, have been disappointed to see a long 
series of technical and administrative problems lead to a great delay in the comple- 
tion of this telescope, which cannot now be expected before late 1964. An 85-foot 
telescope constructed at the National Radio Astronomy Observatory in 1958 
as a brief interim and training instrument has turned out to be instead the observ- 
atory’s major instrument for more than two years. We hope it has contributed to 
the store of astronomical knowledge. Construction of a 300-foot transit instrument 
has just been started at the NRAO, and more powerful instruments are in the plan- 
ning stage. 

While these major installations were being built, other, and in some cases not 
much smaller, radio observatories were appearing all over the United States. These 
were established at the University of Michigan, the University of Illinois, Yale Uni- 
versity, University of Florida, University of California, National Bureau of Stand- 
ards, The Lincoln Laboratory, Stanford University, and other places. A new 
site was added by the Naval Research Laboratory and a new telescope and solar 
observatory by Harvard. All of these greatly broadened the scope of American 
radio astronomy, enhanced interest in radio astronomy, and added to the flow of 
new radio astronomers. In the recent past, two new large-scale projects, a second 
generation of large radio observatories, have been started. These are the 600-foot 
telescope project of the Naval Research Laboratory at Sugar Grove, West Virginia, 
and the 1,000-foot telescope of Cornell University at Arecibo, Puerto Rico. 

The years since 1956 have been a period of emphasis on building activity, and 
only now is much of this effort reaching fruition in the form of observational re- 
sults. 

What have been some of the major results of all this activity? There is only time 
to talk of the results of the recent past. Close to home, the environments of the 
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planets Venus, Mars, and Jupiter have been explored with sufficient detail to clarify 


greatly our knowledge of these planets and to give good guidance in the designing 
of space probes to approach these planets. Radar studies of Venus have established 
and checked the value of the astronomical unit to a very high accuracy and have 
given us the first glimpse of the topography of the surface of that planet. The 
emphasis on planetary research in the United States is rapidly growing. 

In solar research, a vast amount of data has been collected, all of it being re- 
quired to understand eventually the complex phenomena taking place on the sun. 
Already several new types of transient radio emission have been found, and some 
important solar-terrestrial relationships elucidated. A large telescope has been 
built at Stanford which can give a high-quality, high-resolution picture of the sun 
which is most valuable to studies of optical-radio comparisons. 

A detailed map of the distribution of hydrogen at high latitudes has been made, 
aided immensely by the first high-quality multichannel hydrogen line radiometer. 

However, the bulk of American activity has been directed toward the under- 
standing of the nature of the discrete radio sources. Among these objects, the study 
of galactic nebulae emitting thermal radiation has been largely confined to the 
United States, where these objects were first detected at the Naval Research Labora- 
tory. Several observatories are now routinely making accurate observations of the 
elusive planetary nebulae and will soon reach even fainter nebulae. 

High-quality source polarization measurements were made here, as has been done 
also in the Soviet Union. 

Very accurate spectra for a large number of sources have been obtained, thereby 
providing prime material for the theoretical understanding of cosmic radio emis- 
sion. 

Several approaches are now producing source position data and, in turn, source 
identifications and astrophysical data which are far superior to those available only 
a short time ago. The number of source identifications has been greatly increased 
by this, and with it a greater understanding of the types of objects that produce 
very intense radio emission: at least interacting or colliding galaxies, elliptical 
galaxies with dust lanes, or peculiar elliptical galaxies such as M87. We have be- 
come aware of the greatly extended and sometimes complex structure shown by 
some radio galaxies. We also now appreciate the tremendous range in luminosity, 
with startingly little range in spectra, which is exhibited by the bright radio galaxies. 
Enough data has been gathered to give a preliminary luminosity function for 
extragalactic sources, a prosaic item but one which is most important to the 
physics of these objects and to the interpretation of any study of source statistics, 
such as those studies related to the cosmological problem. It can be expected that 
this broad band study of discrete sources will at least maintain its present pace in 
the future. 

Theoretical studies have been pursued in connection with the physical processes 
governing the evolution of the physical systems giving rise to nonthermal radio 
emission, but this problem remains vexed. Neither the origin of the particles, their 
initial energies, nor the precise means by which they are accelerated and lose energy 
are understood. This is probably because the observational picture is not yet quite 
clear enough to point the way to the right answers. One of the most important 
missing quantities is the strength of the galactic magnetic field and its configura- 
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tion. The measurement of these quantities seems to be a job only for the radio 
astronomer; several attempts to observe these quantities have been made in the 
U.S., but none has been successful. Unfortunately, we cannot be sure if this is a 
result of weak magnetic field or the field arrangement. It can be expected that 
these attempts will be renewed. 

In quite a different field, several theoretical studies have been made of the possi- 
bility of detecting electromagnetic evidence of the existence of other intelligent 
civilizations. One search for radio evidence of this nature has been made, with neg- 
ative results. This at least supports the opinion that such detection is exceed- 
ingly difficult, and requires that future attempts be designed to meet the more pes- 
simistic theoretical predictions. 

The potentialities of observations from space vehicles have already attracted 
several astronomers, especially those at Harvard and the University of Michigan. 
Instrumentation for observations at very low frequencies is now ready for flight, 
and a few radiometers have already been flown in space. The low-frequency in- 
formation regarding the spectra of galactic emission and the discrete sources will 
be extremely valuable in understanding the physical nature of these sources. As 
vet, no attempts to make very short-wave observations from space vehicles are in 
preparation, except in conjunction with a Venus fly-by probe. 

We will leave it to the symposium speakers to state specifically the further data 
which is most urgently needed in these various problems. However, it is already 
quite clear that the aforementioned results have advanced us to a point where 
further observational progress will be greatly speeded by more sensitivity in our 


telescopes and, particularly, more resolution. The achievement of high resolution 
is presently a leading problem in the minds of many American radio astron- 


omers. 

Much of the need for better solution has been forced on us by the rapid advance 
in radiometer sensitivity which has occurred in the United States during the last 
few years. During this period, the broad bandwidth of the traveling wave tube 
radiometer was utilized for high sensitivity. Most important, the American in- 
vention of the solid state maser was put to use at the Naval Research Laboratory, 
Harvard, and Michigan, with results that fully justified the extravagant claims 
made for maser radiometers. Nevertheless, we are just beginning to use these de- 
vices widely. And we have hardly begun to use other low-noise devices, 

One fact of life brought home by the new low-noise radiometers is the deleterious 
effect of atmospheric opacity. At the short centimeter wavelengths, where these 
devices offer their greatest advantages over conventional techniques, atmospheric 
noise can often dominate the sensitivity of the telescope. This fact is now known 
empirically from lengthy observations at the University of Michigan and by meas- 
urements at the NRAQO. It is understood theoretically. The consequence is a 
new requirement for centimeter wave telescope sites: a dry, stable atmosphere. It 
is very unlikely that the best sites in this regard have yet been found. 

Returning to the impact on telescope design of the high sensitivity of these 
devices, we may compare the 600-foot telescope we build today with the 24-foot 
of six years ago, and the maser radiometer with the radiometer of 1956. We find 
from this that in five years our over-all sensitivity is increasing by the remarkable 
factor of 30,000. This is more than the over-all gain in optical sensitivity from the 
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system of 1610 made of Galileo's telescope and his eye, to the 200-inch telescope plus 
photoelectric devices of today. 

This extraordinarily good sensitivity has made the problem of sufficient resolu- 
tion overwhelming. We can now detect sources faint enough that they oceur in 
such large numbers as to place them only fractions of a minute of are part. Resolu- 
tions better than | min are demanded. We may look at this from another viewpoint 
—the efficiency with which we use our collecting surface. To take an extreme ex- 
ample, where a maser is not important, the number of sources that may be resolved 
with a 300-foot antenna, that is, one having 7,000 square meters of antenna, at 
2 meters wavelength, can still be resolved and detected by only 150 square meters of 
collecting area spread over a 300-foot baseline. This means that when we use a 
300-foot antenna at 2 meters wavelength, we are wasting 98 per cent of the surface 
we have so expensively built. 

This says that we must carefully balance the resolution and brightness limits in 
our instruments, taking careful account of the high sensitivity we possess. Only 
in special problems, such as planetary studies, radar astronomy, and 21-cm studies, 
where resolution is obtained by other means, is this not very serious. At virtually 
every wavelength, unfilled apertures are called for, and with these, more intricate 
and precise electronic equipment is demanded, and more complex and painstaking 
data reduction, preferably through the use of high-speed computers. The recent 
past has been the period when the radio astronomer has had to learn to use the elec- 
tronic computer. 

Thus, we may look forward to future major instruments in the form of unfilled 


apertures, of which the most familiar schemes are the Mills cross and aperture 
synthesis using a small number of movable antennas. These approaches 
not. only give a great advantage in resolution, but an economic advantage as 


well, 

Figure 1 gives a comparison of the costs of building some of these schemes. The 
curve for large steerable parabolas is now well established by the costs of an 85- 
foot and 600-foot antenna for 10-em wavelengths and the Australian 210-foot, 
which is double the true price to account for the antenna’s slight deficiencies at 
10-em and the higher cost of labor in the United States. Points for 3-em and 21- 
cm parabolas are also given to give some measure of the shift in the curve that 
occurs as the quality of the dish surface is changed. The curve for the aperture 
synthesis arrangement is based on the Caltech interferometer and must include 
the cost of the electronics needed to join the antennas together efficiently. Since 
an aperture synthesis array can be increased in collecting area simply by adding 
more of the same antennas and electronics, the cost should go nearly in proportion 
to the collecting area. This is the curve that has been drawn. All the solid curves 
have been drawn for the same wavelength, 10-cm. As we go to other wavelengths, 
all the solid curves would, to a good approximation, shift up or down in unison. 
We see that, except for certain problems such as those mentioned previously, it no 
longer makes sense to build single large antennas greater than about 200 feet. 
Not only are we then paying a premium for collecting area, but we are giving up 
the opportunity to increase our resolution through extended base line techniques. 

It has not been possible to draw a curve for a conventional Mills cross because 
no appropriate instrument has been priced recently. However, the collecting area 
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of a Mills cross will go as the first power of the collecting area and probably will 
follow nearly the same law as aperture synthesis arrays. 

The lower curve, for the reflecting cross, is for a form of Mills cross which uses 
two large reflecting segments, similar to the Ohio State telescope or the Pulkovo 
telescope, as energy collectors. It will be described in more detail later in the sym- 
posium. Suffice it to say that this design is extremely economical, but the price 
paid for this economy is very limited sky coverage. This is then an instrument 
suited only to certain specific problems. 

lor many of our most pressing problems, such as the cosmological problem, one 
finds that collecting areas of the order of 30,000 to 100,000 square meters are re- 
quired. When we look at the slide, we see that aperture synthesis, and probably 
the Mills cross, are about ten times cheaper than a large parabola at these fre- 
quencies and have the additional advantage of sufficient and variable resolution. 
The reflecting cross is about another factor of ten cheaper still, maintains high 
resolution, but may have unacceptably small sky coverage for some programs. 
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What the American radio astronomer is facing here is the end of an era in which 
progress could be made through the brute force of large quantities of steel and 


dollars. The new era will be one in which experience, knowledge, and thought are 
the only means to success. However, lest the wrong opinion be reached in certain 
quarters, let us quickly say that a few dollars are still needed. 

Nevertheless, the fact remains that just as a man in space may be thrilling, but 
perhaps not. the most efficient path to scientific knowledge, so the giant parabola, 
glorious to see on the distant horizon, is no longer the most. efficient eye to the 
universe. 

Perhaps at this symposium we will learn what the most efficient eye might be, 
what its predecessors have seen, and from this what it might best look at in the 
future. 

* Operated by Associated Universities, Inc., under contract with the National Science Founda- 


tion. 


PROPOSAL LEADING TO FUTURE LARGE RADIO TELESCOPES* 
By R. N. BRACEWELL 
STANFORD UNIVERSITY 


1. Considerations Leading to an Echelon Configuration.—The question of design- 
ing a radio telescope with a one-minute-of-are beam has not. yet been satisfactorily 
dealt with. The first approach is to examine the possibilities of paraboloids. Since 
a diameter of about 4,500 wavelengths would be required, the size would be gigantic 
(see Table 1). 


TABLE 1 
DIAMETER OF PARABOLOID FOR BEAMWIDTH OF | MINUTE 


Wavelength d lem 10 em Im 10 m 
Frequency 7 30,000 Mc/s 3,000 Me/s 300 Me/s 30 Me/s 
Diameter d 45 m 0.45 km 4.5 km 45 km 


Only at millimeter wavelengths does the paraboloid seem feasible. Consider the 
22 m paraboloid of the Lebedev Physical Institute. If it were to be sealed up by 
a factor of 2 in diameter, the mass would increase by a factor of 8. Elastic distor- 
tions of the paraboloid under gravity would be quadrupled, wind loading would be 
quadrupled, thermal distortion would be doubled, and the number of hours re- 
quired to reach an isothermal distribution would be doubled. Yet the figure of the 
surface would have to be held to the paraboloid within a millimeter. Furthermore, 
the large mass would have to be pointable to a fraction of one minute of are. Great 
ingenuity will be required to push this line of development to one-minute-of-are 
beams. The cost is in the range $107 to $108. 

At the present time, the antennas with the finest existing beams are more so- 
phisticated than the simple paraboloid. They are the crossed grating interfer- 
ometers at Sydney and Stanford, both with 3-minute beams. Trebling their di- 
mensions would introduce no new problems of mechanical construction, since it 
would only mean iterating the existing, small, equatorially mounted elements. The 
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cost here would be of the order of $108 The collecting area would be small in 
relation to the beamwidth, and so very large elements might be considered; e.g., 
a cross of 12 equatorially mounted 65 m paraboloids, spaced 130 m between centers, 
would give a one-minute beam at 21 em wavelength. This would cost at least 
$3 & 107. Even so, the collecting area would be relatively small less than a hun- 
dredth of that of the equivalent simple paraboloid. A version with fewer elements 
and a wider beam is described in the report of the Pierce committee. 

A fruitful approach to the problem is to note that mechanical precision of at 
least one part in 45,000 is needed (one tenth of a wavelength in 4,500 wavelengths). 
This means not only difficulties of construction but difficulties of measurement; 
this suggests keeping low on the ground to benefit from the rigidity of the earth. 
Working from this idea, Khaikin and Kaidanovskii constructed the antenna at 
Pulkovo in the form of a zone of a paraboloid which lies within a few meters of 
ground level; the focus is also near ground level. A beam 1’ x 10’ at 3 em wave- 
length was achieved. At 10 em, Covington has achieved a fan beam 1’ & 120’, 
also by keeping low on the ground. Polarimetric records have been made at Stan- 
ford by Swarup and Kakinuma with a beam 1.3’ 150’, and extensions are in 
progress to give a half-minute beam. 

The feasibility of one-minute beams in one dimension has thus been established. 
However, the collecting areas have been relatively small. ‘To increase the area and 
to form a pencil beam, it follows, if we adhere to the principle of keeping close to the 
ground, that we should investigate stacking long, low elements behind each other. 
This would be analogous to the echelon arrangement introduced into the design of 
lighthouse mirrors by Fresnel. 

2. Possible Echelon Configurations.—The use of an echelon is indicated for me- 
chanical reasons, but it has drawhacks. Of these, the principal are the following: 

(a) The collecting, or focusing, procedure must. be vastly more complex compared 
with placing one small horn at the focus of a paraboloid of revolution. (b) There 
will be empty space or overlap between adjacent elements. (c) The phase path 
from a source to the echelon jumps from one element to the next. 

It will be shown that satisfactory schemes for overcoming (b) and (c) can be pro- 
posed in some circumstances. Let us therefore consider item (a) first and suppose 
that the elements are to be flat plates. Then one configuration is shown in Figure 
1. Long tiltable slats cover the ground and reflect the received waves to a line 
focus, which, of course, would be very high off the ground. This was a feature to be 


avoided if possible. However, it may be that a suitable cliff exists, or that the 
straightforward tower construction could be faced. With flat plates, the maximum 
width would be limited by the width of a Fresnel zone, but if slight curvature were 
introduced, greater widths could be had. It would be necessary to keep the curva- 
ture slight in order to be able to work over a range of angles of incidence. 


A circularly symmetrical arrangement with a point focus also exists. In order 
to steer the beam, a rather complex motion of the circular zones would be required ; 
in fact, it appears that they would have to be broken into small plates (Fig. 2). 
Compared with the previous linear arrangement, this idea does not seem favorable 
for large sizes. 

An interesting possibility is to lay the plates flat on the ground to obtain an ana- 
logue of a reflecting zone plate. Since the angle of incidence would not be equal to 
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Fig. 1.—A single-sided echelon equivalent Fig. 2.—KEchelon equivalent of a 
of a parabolic cylinder with a single focal — paraboloid of revolution. 
line. 


the angle of reflection, the zones would have to be very narrow and would depend 
for directional reflection on cooperative action between many zones. This does not 
appear attractive; nevertheless, Drake has considered an elliptical zone plate with 
offset focus that could be rotated in the horizontal plane. Such a device 
could scan in azimuth at a fixed altitude. The echelon equivalent of a paraboloid 
of revolution with offset feed would also have this property of azimuth steerability. 

The Pulkovo 90-plate antenna is offset so much that the focal point is brought 
back to ground level. It is not obvious how such antennas could be stacked so as 
to fill an extended area, because the volume of space just above the ground is needed 
for reflecting the received waves to the focus. Furthermore, the breaking down of 
the structure into many small parts actuated independently and differently is in the 
wrong direction for application to an even larger project. 

The simplest motion is a rotation to be applied uniformly throughout. This is 
very appropriate for long straight elements. Consider then an arrangement of 
long parallel elements to be stacked in echelon formation and capable of being ro- 
tated about their long axes, as in Figure 1. Instead of each moving differently in 
such a way as to focus on a common focal line, let them be required to be identical 
and to move identically. Then continued expansion of the construction in both 
dimensions would be possible, which is a good feature. It follows that each element 
must be complete in itself and that the cooperative action would be ensured elec- 
tronically rather than by superposition of waves in space. This will certainly mean 
a complex collecting procedure but may be the correct way to proceed. One possi- 
bility is an arrangement of parabolic cyclinders, each element resembling the type 
of parabolic cylinder developed to large sizes by Ryle and since widely used else- 

where. Figure 3 shows fixed cylindrical re- 
flectors with movable feeds. 
3. The Grating Responses of an Echelon. 
Because of the periodic character of the aper- 
ture distribution over an echelon there are 
extra responses corresponding to the various 
orders of interference of a diffraction grating. 
It has been possible to use multi-element ar- 
Fig. 3.—Echelon arrangement of rays in radio astronomy, and to accept the 


movable feeds and fixed circular cylin- : : : 
ders. grating responses, by causing them to fall far 
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enough apart. Thus, the sun has been studied with instruments where the beams 
of suecessive orders could be caused to fall more than half a degree apart. 

As large sizes of element are approached, the spacing between elements of the 
echelon becomes greater, and the grating responses come closer together. It is 
absolutely necessary to find a way of eliminating the confusion that this would 
cause. A step in this direction is suggested by the idea of a multi-element array 
switched against an extended end-element. Such an arrangement has been 
used by Covington, and although it originated historically as an extended 
clement to which spaced interferometer elements were added, the result is the 
same. 

In order to facilitate the exploration of ways of removing the imperfections of the 
echelon arrangement, it is desirable to refer to the spectral sensitivity function of an 
antenna. It is sufficient here to note that it is equal to the Fourier transform of the 
power response pattern of a simple antenna, or switched interferometer. Hence, 
any statement about the spectral sensitivity function could be translated into a 
corresponding one about the response pattern. It is easy to obtain the spectral 
sensitivity function, once the aperture distribution of an antenna or switched inter- 
ferometer is given. For a simple antenna, it is the complex autocorrelation func- 
tion of the aperture distribution, normalized to unity at the origin. For a switched 
interferometer, it is the cross correlation of the aperture distributions of the parts 
that are switched together. 

As an example, consider the six-element antenna such as Figure 3 shows, and 
suppose that it is pointing at the zenith. The aperture distribution function will 
be as shown in Figure 4a, and the spectral sensitivity function as in Figure 4b. 
This antenna has strong grating responses. The 
oscillations in the spectral sensitivity function give 
iu quantitative measure of the periodic defect of 
spacings embraced by the aperture distribution. 

Thus, certain spacings cannot be found at all. 

As an example of a switched interferometer, take 

Figure 5, where an eight-element antenna is switched 


against a ninth identical element (shown shaded). 
In this case, the spectral sensitivity function meas- 
ures the number of ways a given spacing can be 
found between two points, one of which is in the 
shaded and one in the unshaded part. Because of 
the oscillations in the spectral sensitivity function, 
there will be grating responses. 

4. Suppression by Means of an Extended End- 
Element.—By extending the end-clement, the defec- 
tive spacings can be reduced, but if the end-element 
is extended too much, then an excess of some spac- 
By doubling the end-element, we 
get the result shown in Figure 6. In this figure, the 
cross correlation between the end-element and two 


ings will set in. 


\ | 
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Spatial frequency 
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Fic. 4.—A _ six-element 
aperture and its spectral 
sensitivity function. 
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Fig. 5.— An interferometer 
with switched end-element 
and its spectral sensitivity 
function, 


of the other elements show how the spectral sensitivity function is built up out of 


eight components. 


Kvidently the components should intersect at their half-peak 
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points. This can be arranged by making the end-element a little narrower, and 


the result is shown in Figure 7. 

In Figure 6, the filling factor p, i.e., the fraction of the aperture plane occupied by 
collecting surface, was 2/3. The aperture distribution over the elements was taken 
to be of the form !/, + (2/3) cosa. The extension factor m, i.e., the factor by which 
the extended element exceeds the otherelements in width, must be 1.9 for suppression 
of the first-order beams. With other filling factors, different values of m are needed, 
which can be read by using the curve labeled zero in Figure 8. The other curves 
are labeled with values of the modulation coefficient k. In a figure such as Figure 


5, kis defined by k = (M — m) (M+ m). 


DOANANAAALZ 


a Gaw as a3 x 


Fic. 6. Switched inter- Fig. 7.—-Switched  inter- 
ferometer with end-element ferometer with end-element 
of double width. of optimum extent (m 

1.9). 


Extension factor, m 


| ED. & 
02 04 06 
Filling factor, p 


Fig. S.— Switched in- 
terferometer with — ex- 
tended end-element. 


When the modulation of the spectral sensitivity function is approximately sinus- 
oidal, the ratio of the response in the first-order beam to that in the zero-order 
beam is ' »k; and the strength of the higher-order beams can be extracted from 
closer examination of the shape of the modulation. However, there is a difficulty 
that must first be looked into. 

Suppose that m and p have been chosen for suppression of the first-order beams, 
using a configuration of the type shown in Figure 3. Then as the elements are 
tilted, so as to point away from the zenith, the filling factor p increases toward unity. 
As m remains unchanged, the balance between m and p is destroyed, and the first- 
order beams reappear. Thus, the proposed technique for suppressing the first- 
order beams by extending the end-element is sensitive to the elevation angle of the 

beam. Hence, it is necessary to study the degree of sup- 
pression. This can be done with the aid of Figure 8 by 
noting that the packing ratio is increased from pp to po see 
6 when the elements are tilted through an angle @ from the 
zenith, and the result is shown in Figure 9. From this 
diagram it will be apparent whether or not the extended 
end-element is eliminated as a candidate for a given appli- 
-_ ru . cation, 
Pk ee ». Suppression by Splitting the Switched Element.--In a 
Fo AF ae orem new approach to the problem, consider Figure 5 again. 
tain switched interfer- Evidently, if the switched element were split into two 
ometer with extended end-— half-elements and separated by half the spacing between 


element optimized for the . “e 
zenith. the other elements, as in Figure 10a, then the spectral 
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sensitivity function would be composed of two parts as in Figure 10b. These two 
parts would be staggered by half a period, and their sum would therefore be free 
of components at that period. Furthermore, it may be added immediately that 
this cancellation depends on quantities that do not change as the elements are 
tilted and is therefore fully independent of the angle of elevation of the beam. It 
is also independent of the particular form taken for the aperture distribution over 
the elements. In Figure 106 it will be noted that there is a residual ripple in the 
spectral sensitivity function, at twice the frequency of the modulation that was sup- 
pressed. In this new approach, we have proceeded immediately to the matter of 
suppressing the second-order beams. It will be noticed that the third-order beams 
will already have been suppressed, because the procedure of staggering by half a 
period cancels all odd multiples. 
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Fig. 10.—Suppression 
of the first-order beams ZW 
by splitting the end-ele- eed eee ee ee 
ments into — half-ele- , EE Le eithathan 
ments, Fic. 11.— Suppressing the Fic. 12.—An example 

first-order beams by intro- of a switched echelon with 
ducing a staggered second- grating suppression. 
element. 





Other ways of splitting the switched element can be considered.' Thus, the parts 
need not. be immediately adjacent. In Figures 1 la and 116, we consider successively 
two arrangements of an end-element whose spectral sensitivity functions, Figures 
lla’ and 116’, are staggered by nalf a period as regards their oscillatory parts. If 
now two switched elements are provided, as in Figure 11c, one in one configuration 
and the other in the other configuration at the other end, then the result is as in 
Figure lle’. Some advantages accrue from this arrangement: the second-order 
ripple is rather less, and all the elements are now identical. This is very important 
for reasons of cost and because tilting unlike elements introduces complications. 

6. Examples of Radiation Patterns with Suppressed Grating Response.—As a par- 
ticular example, consider the arrangement shown in Figure 12, where the filling 
factor p is 0.8, and 8 elements are to be switched against a staggered pair of end- 
elements. The side elevation at the bottom shows parabolic cylinders with offset 
feed, pointing at the zenith. A few elements are shown tilted to 36 degrees from the 
zenith, which is where geometrical shadowing sets in. 

Let the elements run east-west. Then in the east-west direction the radiation pat- 
tern of the system is the same as for a single element, independent of tilt. Here we 
shall consider only the north-south direction. Let @ be measured from the zenith 
toward the south point of the horizon, and let A(9) be the power pattern of a single 
element pointed at the zenith. Let d be the spacing between elements (one of the 
end-elements is displaced from the regular position by '/2d), and A is the wave- 
length. ‘Then, the power reception pattern of the whole system pointed at the 
zenith is 
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sin 8a 
A(@)— cos 9'/2a cos '/2a, 
sin a 


nd. 
where = sin @. 


This is plotted in Figure 13. It is apparent that the first-order beam has been re- 
duced below the general ripple. The factor cos '/2@ places a zero right on the center 
of the first-order beam, but the cos 9'/:a@ factor also plays a destructive role. The 
second-order beam has likewise been reduced to insignificant proportions; in this 
case, the factor A(@) contributes strongly. The third-order beam is eliminated and 
the fourth-order, and beyond, are eliminated by A(@). Hence, the approach to the 
question is confirmed. ‘There remains the question of sidelobes other than those 
associated with the echelon arrangement. It will be necessary to reduce them to 
whatever level is ee by the usual procedure of tapering the array. It will 
be observed in Figure 13 that the heavy curve always lies closer to zero than any 
of the constituent factors. Thus, any standard procedure for holding one of the 
factors more closely to zero will improve the over-all response without affecting the 
measures taken to suppress grating responses. The alternative plan of placing two 
switched elements at one end is illustrated in Figure 14. It is apparent that the 
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Fig. 13.—Power reception pattern Fig. ~Power reception pattern of 

(heavy curve) of echelon with switched i I ie ec scalom with split end-element 

end-elements. The high frequency factor (heavy curve). The factor cos 10'/s3a@ is 

cos 9!/s@ is indicated by its nulls only. indicated by its nulls only. 
suppression of grating responses is adequate in this case also. The scheme of Fig- 
ure 10, with two narrow elements spaced '/sd, would give a result exactly like that 
of Figure 13, except that the factor A(@) would be different. Because of the wider 
beam of the narrow elements, this factor would be larger and the net effect would 
be | to allow some of the second-order beam to show up, as expected. 

The Collecting Area of the Switched System.—Since the power reception pattern 
of a switched interferometer is twice the product of the voltage responses of its 
separate parts, the collecting area is twice the square root of the product of the two 
separate areas. In the case of Figure 12, the two parts have areas of 8 and 2 
units, respectively. The total area is 10 units. The collecting area of the switched 
system is 2(8 X 2)'* = 8 units. One could say that the two switched elements exe- 
cute their function of suppressing grating responses without adding anything to the 
collecting area. 

8. Operation off Zenith.—As the elements are tilted off zenith, the packing ratio 
increases, until it reaches unity at @ = 36°. The collecting area remains the same 
down to this point, because the elements face the direction from which the received 
ardiation comes. In a broadside array that is phased to receive obliquely, the col- 
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lecting area is reduced by a factor cos 6. At zenith distances greater than 36°, 
one element shadows the lower part of the next, thus decreasing the collecting area. 
From this point on, the area decreases as cos 6. Owing to the shadowing, the aper- 
ture distribution acquires a sawtooth component which inevitably means grating 
sidelobes. The period, however, is precisely the same as the basic echelon period 
which has already been compensated. The arrangement of Figure 12 will therefore 
work well below the altitude where shadowing sets in. At an altitude of 23°, the 
collecting area would be one half of the zenith value. 

9. Possibilities for Future Extension.—In the arrangement of Figure 12, further 
elements could be added without interference to the mechanism for lobe suppression. 
This could only be done at one end. To extend the system at the other end, one of 
the elements would have to be dismantled and moved. It would therefore be wise 
to site an instrument of this type accordingly. 

It is also possible to extend the system of Figure 14; in fact, the physical arrange- 
ment of the two systems is the same, and both switching plans would be available. 
This opens an interesting possibility of checking the effects of minor sidelobes, be- 
cause they are different in the two cases. Extension by elongating the elements is 
also possible and could be done without interruption to the functioning of the exist- 
ing part. Conversely, not all the elements of a 10-element system, as shown in 
Figure 12, need be finished in order to allow useful observations to be made. Use- 
ful work can be undertaken on completion of very few, or even only one, element. 

This property of allowing indefinite extension is a very important one for instru- 
ments that are approaching a cost ceiling. Giant steerable paraboloids and giant 


paraboloidal holes have become so costly that there must necessarily be a lapse of 
some years between the completion of one and the justification of an even larger one. 
Quite possibly, those now planned will remain the largest of their kind. An instru- 
ment that can grow, however, and add increments of area at an orderly rate at a 
constant cost per increment, qualifies itself as a possible giant instrument of the 


future. 

10. Aperture Synthesis.—As in the past, special high-resolution studies will no 
doubt outdistance the construction of high-resolution instruments with large 
collecting areas. An echelon arrangement would be very suitable as the fixed ele- 
ment in a scheme of aperture synthesis intended to study fine detail within the small 
sources that a large echelon would be sensitive enough to detect. Single elements 
could be placed at variable distances in both the north-south or east-west directions. 

It might well be found, however, that the cost of dismantling and moving a large 
element would compare with the cost of making one new element. In this case, the 
installation would expand along the lines of a huge Mills cross, or rather into a huge 
tee, which has twice the resolving power for the same amount of material. 

11. Considerations Regarding Line Feeds.—The line feed should be capable of 
operation over a wide band, should not block the aperture, should be accessible, 
and should be capable of phase scanning if possible. Mechanical considerations 
must be held in mind, and also electronic considerations, since distributed preampli- 
fication or mixing will be part and parcel of the feed system. 

After much elimination of alternatives we arrive at a pillbox array.2. There is 
a very good reason for the pillbox. Since a parabolic cylinder was adopted as the 
answer to the requirement for a long tiltable unit, and since it produces convergence 
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in one dimension only, a second singly curved surface, suitably oriented, is indicated. 
This is basically nonselective. Lots of them will be needed, since there would be 
no space for only one. This means multiple foci. The procedures for feeding 
multi-element arrays, in constant and stable phase, over distances of the required 
order, have been established, e.g., at Stanford. Depending on the circumstances, 
we arrive either at a moderate number of fairly large pillboxes or at a moderate 
number of passive subarrays of moderately sized pillboxes. The multiplicity of 
foci lends itself to phase scanning; in fact, the more the better. On the other 
hand, multiple foci will produce periodic variations in aperture distribution that 
lead to east-west grating responses. From this standpoint also, numerous foci would 
be better. Some techniques of overlapping or variably spaced feeds could then be 
applied to the suppression of grating responses. 

A complex feed structure appears to be the price paid for achieving a large col- 
lecting area economically, Electronic complexity comes with this, and whereas in 
the past the electronic part of an antenna cost very little or nothing compared with 
the mechanical structure, now a state of equipartition is being approached. In 
order to make this complex feed accessible for adjustment and maintenance, we 
may adopt an offset arrangement. Then the feed may be brought to bench level 
above the ground by tilting the elements to point at the horizon. Aperture block- 
ing is also eliminated by this step, including the blocking by feed supports. 

An axial ground plane would have the advantage of preventing ground radiation 
from entering the feed. However, it means another figured surface (an accurate 
plane), an expense that may be avoided by leaving it out. It also leads to an aper- 
ture illumination that cuts off sharply at its peak. The effects of this would have 
to be carefully studied. 

Ground radiation received via the spillover is not as important in the present 
application as it is where masers are involved. The main thing is that it should be 
constant as time elapses, which it would be since the antenna does not move during 
observations. On the other hand, the sky moves, and so spillover to the sky must 
be controlled. This calls for a suitably tapered illumination of the parabolic 
cylinder. 

12. Distributed Preamplification or Mixing.—Owing to the attenuation suffered 
in transmission lines over the distances required for high resolution, it has already 
become necessary in some applications to place preamplifiers in the transmission 
system. As phase stability must be preserved, much care is required to do this. 
An alternative scheme is to furnish local oscillator signals at distributed mixing points 
and to convert to a low frequency where attenuation is negligible. Because of the 
long wavelength, phase path instabilities then also become less critical. In order 
to deliver the local oscillator signal with the same phase at each mixing point, pre- 
cisely the same phase-stable transmission line is required as before, but its attenu- 
ation is overcome by using strong signals. In both schemes, phase monitoring 
procedures are required that have been partly developed. Attention is at present 
being devoted to phase monitoring through transmission lines containing active 
elements and to automatic phase path control. 

13. The Transmission System Linking the Elements.— An extra consideration arises 
in the north-south transmission system. When the elements are tilted away from 
the zenith, a grating response of higher order is evoked. Its precise location on the 
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sky depends on frequency; consequently, if a wide bandwidth is used, it is dispersed. 
As much extra sensitivity is attainable by the use of very wide bandwidths, it is 
desirable to compensate for this effect. This may be done by inserting progressively 
increasing time delays in the contributions from the successive elements by means 
of transmission line segments of controlled and stable length. Possibly a central, 
temperature-controlled corridor running north and south would be required to house 
the transmission system, phase-monitoring equipment, and distributed electronics. 

14. Multiple Beams.—_-A high resolution instrument takes a long time to cover a 
given area of sky. Existing instruments have already exceeded the year, and con- 
sequently it is more economical to pay extra for equipment to take simultaneous 
observations than to proceed at a slower pace for a greater number of years. A 
transit instrument may have several beams simultaneously pointing at different 
altitudes if several receivers can be devoted to measuring differently phased com- 
binations of the elements. The more numerous the elements the easier this is to 
do, and the more necessary. Because of the narrow beamwidth a source transits 
through the beam in a short time, but one would like to look at it for a longer time 
in order to increase sensitivity. To do this, one may insert a time-variable linear 
phase-shift along the line feed of an element, thus causing the beam to track briefly, 
but this of course means less time devoted to some other piece of sky. By splitting 
the beam into several beams pointing at adjacent hour angles and devoting an 
equal number of receivers to the work, longer exposure times can be obtained. 
There is no doubt that the additional electronic complexity of multiple beams is 
part of the future of large radio telescopes. 

15. Possible Approaches to a One-Minute Beam.—A pencil beam of one minute 
of are is a goal on which attention has been focused lately. To reach this at a wave- 
length of 21 em, dimensions of about 2,400 feet would be needed. The cost of such 
an antenna would undoubtedly exceed $100,000,000, but in fact it has not been 
established that such an antenna can yet be designed. 

Nevertheless, an echelon of 60 parabolic cylinders, each 30 feet wide and 2,400 
feet long, could be faced with equanimity as regards the purely mechanical and 


structural aspects, and its cost could be accurately assessed. The electronic prob- 


lems, and problems of phase techniques, still have to be solved. 

Two sorts of problems can be distinguished: those associated with the feeding of 
a single element, and those ot combining the array of elements into a unit. The 
first sort can be handled by studying a segment of a single element, e.g., a 300- 
foot segment, 30 feet wide. By making the study at a shorter wavelength, say 
10 em, one could make such a segment represent one quarter of the final element. 
There would be one quarter of the foci, one quarter of the transmission line com- 
plex, ete. 

There are reasons for thinking that 30 feet is suitable for the final elements; 
this dimension need not be scaled down since it is quite manageable. Thus, the 
model experiment could utilize a segment whose mechanical features would be on 
a full scale. When completed, such a 300 X 30 foot antenna would have some 
use, especially in conjunction with existing adjacent antennas. 

In order to test the principles of grating response suppression, one would need 
many elements. A ten-element system, a subgiant model of the full-scale minute 
of-are system, stands out as a candidate. As shown in Figure 15, the ten elements 
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are identical 30 X 300 foot cylinders, the far 
end-element being staggered. This instrument 
would have a beamwidth of about 3 minutes of are 
at a wavelength just less than ten centimeters, 
and a collecting area resembling that of a 300- 
foot paraboloid. With such an instrument, much & 
valuable high-resolution microwave work could Fig. 15.—Subgiant microwave 


be done, and it would share the potential for ™odel using ten 300 X 30 foot tilt- 
able cylinders with staggered end- 


a 


growth already discussed at length. element. 

Summary.—The feasibility of a one-minute-of- 
are beam in one dimension has been established. - However, only a relatively small 
collecting area was used. ‘To increase the area and to form a pencil beam, while 
keeping the structure close to the ground, one is led to consider echelon configura- 


tions. 

A multifocus arrangement of tiltable cylinders, stacked like the slats of a venetian 
blind, is indicated; but grating responses of such iterated structures would dis- 
qualify them. The suppression of grating respouses can be accomplished by a new 
tilt-independent technique in which a staggered pair of elements is switched against 
the remaining elements. The collecting area of a system in which some of the ele- 
ments are switched proves to be reasouable. 

It is possible to add to the proposed antenna by elongating existing elements or 
constructing new ones. This is a radical departure from the current trend of large 
single-focus paraboloids, which must be evolving up a blind alley as regards giant 
antennas of the future, for their cost per unit area goes up as the size goes up. 
Under the present scheme, the cost per increment of area isa constant. Growth can 
also take place by the installation of remote elements, permitting the application 
of special techniques of interferometry and aperture synthesis to particular astro- 
nomical problems, and by narrow extensions along the arms of a huge cross or tee. 

Problems of interconnecting the tiltable elements so as to counteract the jump 
in path from one element to the next are serious but have already been partly met 
in achieving a one-minute fan beam. 

Distributed preamplification or mixing is absolutely essential to overcome at- 
tenuation in the transmission lines resulting from the choice of a multifocus arrange- 
ment. Automatic phase monitoring capable of controlling phase drifts in ampli- 
fiers, as well as in long transmission line runs, must be developed and demonstrated 
on a sufficiently large model. 

Multibeaming, a technique of halving observing time by doubling the investment 
in electronic equipment, is justified when the antenna cost is high and the beam- 
width extremely narrow. The line feeds, and their built-in preamplification and 
phase monitoring, must be designed from the beginning for multibeaming. 

As an approach to a giant 21 cm instrument, one could build a quarter of the in- 
strument, scaled down further by a factor of 3 in wavelength. Very approximately 
speaking, such a subgiant model would have only ('/,) X (‘/9) of the material; 
an example would be ten 400 X 30 foot tiltable cylinders working at 7 em. <A first 
step would be to build one of these elements. 


* The ideas presented in this article arose in connection with development of high resolution 
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antennas at Stanford University, supported by the Office of Scientific Research of the U.S. Air 
Force under contract AF1S8(603)-53. 

! For actual records taken with a system that suppresses grating responses, see Bracewell, 
R. N., G. Swarup, and C. L. Seeger, Nature, 193, 412-416 (1962). 

Data processing procedures for correcting grating response numerically are given by Bracewell, 
R.N., Astrophys. J., 137, 175-188 (1963). 

? For a major contribution to the problem of designing a microwave line feed, see Cumming, 
W. A., Microwave Journal, 6, 81 (1963). This describes test results on a dual-polarized line 


source for use at S-band. 


DYNAMICS OF H IIT REGIONS 
By F. D. Kaun* 
NATIONAL RADIO ASTRONOMY OBSERVATORY, GREEN BANK, WEST VIRGINIAT 


If one knows how the electron density varies in an H II region, then one can draw 
conclusions about the dynamics of such an object. We shall make the following 
assumptions: 

(¢) The ionization is almost complete out to the boundary of the region. 

(ti) Recombination within the H II region proceeds so rapidly that the bulk 
of the Lyman continuum radiation from the star goes to keep up the ionization. 
This is justified, since the recombination rate in fully ionized hydrogen at 104 


degrees K is 3 XK 107" n,, where n, = electron density. If n, = 100 particles/ 
em’, the lifetime of an ion before recombination is only 3 X 10" seconds, or 1,000 


years. 

(iit) The rate of cooling by O+ ions, in collision with electrons, is so high that 
the gas is almost isothermal, at about 10,000°K. With the eustomary value of the 
abundance of O*+ ions, the cooling rate at 104 degrees K is about 10~!? n,. 

Let us also assume for the present that there is no significant ejection of matter 
from the stars in the H II region. Then we may use the results given by Golds- 
worthy (1961) in his section 8. To reproduce the variations of density described 
by Menon (1961b) for the Orion and the Rosette Nebulae, we have to assume that 
we are dealing with H IT regions whose outer boundaries are advancing at super- 
sonic speed into the neutral gas outside. This is the R-type case discussed by 
Goldsworthy. If so, we expect the H II region to be divided into two sections, 
separated by an isothermal shock. 

In the inner region, the gas density, and therefore the electron density, increase 
from a finite value at the center to a larger value at the isothermal shock. Beyond 
the shock, the gas has not yet had time enough to readjust itself to the change in 
pressure consequent on its being ionized and heated. Its density distribution 
therefore resembles that before ionization, and we expect it here to decrease with 
increasing distance from the center. Figure 1 shows a typical run of density. 

If the ionization front moves out relatively slowly, the shock comes relatively 
close behind the ionization front, and the density profile resembles that described 
by Menon for the case of the Rosette Nebula. But if the ionizing star is very 
bright and the ionization front moves ahead very fast, then the distance from the 
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star to the shock is only a small fraction of the radius of the H II region. The 
density profile then resembles that of the Orion Nebula. 

It is an interesting feature of the density profile given by Menon that it does 
not show the expected dip at the center. Since he would certainly have seen this 
dip if its radius had been as much as 5 minutes of are, or 0.65 pe., this means that 
the shock must now be less than this distance from the exciting star. But in such 
an extreme case of rapid ionization, the shock moves at four times the (isothermal) 
speed of sound, or at about 50 km/sec. Thus, the Orion Nebula certainly cannot 
be more than 13,000 years old. 

Alternatively, let us assume that our picture is wrong and that the Orion Nebula 


density 


ee , distance 
ionization ’ 
front 





Fia. 1 


is in a steady state and is formed by the continuous ejection of matter from one 
or more stars at its center. Then Bernoulli’s equation gives us that 


u?/> + a* log n = const. = A, say, (1) 
and the equation of continuity that 
nur? = const. = F, say. 2) 


Here u = gas speed, r = radial distance, n = particle density, and a = speed of 
sound. The logarithm is to the base e. 

Now Figure 6 given by Menon (1961a) shows that in the Orion Nebula n, = 250 
particles/em’ at 5’ of are from the center, and 10 particles/em* at 20’ of are dis- 


tance. Since n is clearly proportional to n,, this shows, by means of equation 
(2), that 


u(20):u(5) = 25:16. 
But from equation (1), 
u?(20) — u2(5) = 2a? log n(20)/n(5) = 1.1 & 10%(km/sec.) (4) 


Thus, this model would require that u(20) equal 42 km/sec. This is in violent 
contradiction to the low velocity of expansion found for the Nebula by Wilson et al. 
(1959). We must conclude that the Nebula is thus a very young object. If 
this conclusion is correct, it clearly has some startling astrophysical implications. 
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RADIO SOURCES, GALAXIES, AND CLUSTERS OF GALAXIES 
By R. Minxowsk1* 
MOUNT WILSON AND PALOMAR OBSERVATORIES, CARNEGIE INSTITUTION OF WASHINGTON, 
CALIFORNIA INSTITUTE OF TECHNOLOGY 

The identification of radio sources at high galactic latitudes has progressed to a 
stage at which it is possible to make the first tentative attempts at a statistical 
exploration of the results. The identification of the source 3C 48 shows that 
galactic sources may occur at high galactic latitudes, but the results of the deter- 
mination of diameters of sources support the generally accepted assumption that 
most sources at high galactic latitudes are extragalactic. 

The great majority of the extragalactic objects with which sources have been 
identified seem to be completely normal; they show no features which mark them 
as peculiar in any manner, either in their appearance or in their spectra where 
these are available. This is in sharp contrast to the early identifications, most of 
which pointed to highly peculiar objects. Most of the identifications thus are not 
supported by peculiarities of the objects, but rest entirely on positional coincidence. 
In this case, an identification with a given object is accepted if the statistical chance 
is small that the object is accidentally within the error area. If e? is the error area 
of a position and n(m,) the number per unit area of relevant objects that are brighter 
than the photographic magnitude m,, the statistically expected number of objects 
brighter than m, in the error area is en(m,). This number represents the chance 
that an identification is spurious. The policy of all investigators has been essen- 
tially to set the limit m, for the search for identifications so that the chance of a 
spurious identification is less than 0.1. For bright objects, the chance is much 
smaller. The total fraction of spurious identifications should not be larger than a 
few per cent. 

If sound statistical conclusions are to be derived, it is desirable to use data that 
refer to a defined volume. The data are too limited for such a treatment if different 
types of objects are separated. But it is possible to compile lists of identifications 
which refer to a defined area in the sky in which the identifications may be assumed 
to be complete for all sources above a definite limiting radio magnitude. Two 
such lists have been prepared:! one from sources of the survey at 86.5 Me/see by 
Mills, Slee, and Hill? (“MSH survey’’), the other from the 3C survey at 159 Me/see 
by Ryle’s group.® 

A list of tentative identifications for the declination zone —20° to +10° of the 
MISH survey has been given by Mills.‘ This list has been revised after investiga- 
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tion of all objects with the 200-inch telescope. The area has been searched com- 
pletely by the author and by Mills on the plates of the National Geographic Society- 
Palomar Observatory Sky Survey to m, = 9.2. An area of roughly 3 steradians is 
available if the area within 12° from the galactic equator is excluded. The limit 
for the search was set at m, = 16 for single galaxies, at m, = 18 for double galaxies. 
The 48-inch plates are adequate to recognize such double galaxies and it can be 
assumed that the list is essentially complete to the stated limits, but it seems prob- 
able that it is incomplete in one respect. The double galaxies considered as 
identifications are close doubles for which the apparent distance of the components 
is smaller than the sum of the largest apparent diameters. If the separation was 
larger, the components were considered as individual galaxies, but the positional 
accuracy is then not sufficient to make an identification. The identifications must 
therefore be incomplete with regard to objects forming wide optical or physical pairs. 

The area of the 3C survey has been searched by Dewhirst® and, after positions 
of high precision became available, by Bolton and his group,® who have added a 
considerable number of identifications to those noted by Dewhirst and to the few 
long-established identifications. From Bolton’s data, a list of identified sources 
was formed that is approximately complete to m, = 8.5 for an area of about 3 
steradians. The limit for the search was set at 18™ for single galaxies and at 20™ 
for double galaxies. At 20", the 48-inch Schmidt plates are no longer adequate to 
recognize all close doubles, so that this list is probably not complete for these 
objects. In addition, the identifications, like those from the MSH survey, must 
be incomplete with regard to wide pairs. 


The results from the two sample areas are summarized in Table 1. While there 
are differences in detail, the general trend of the data is much the same for both 
areas. It is somewhat surprising that the two lists agree poorly as to the distribu- 
tion of nebular types for single galaxies. The most plausible explanation is the 
higher content of faint objects in the 3C list. 1t is possible that some of the faint 
objects classified as SO are actually of later types; mistakes of this kind can be 


TABLE 1 
IDENTIFIED SOURCES IN SELECTED AREAS 
MSH Notes 
m, limit for selected sources gm2 
mp limit of search for single galaxies 16™ 
mp limit of search for double galaxies 18" 
Number of sources 230 
Number of identifications 23 
Apparently normal single galaxies 10 
EK, SO 4 
Sa, Sb l 
Se 
faint, type uncertain 
Apparently normal double galaxies ¢ 
Peculiar single galaxies (1), (2) (3), (4) 
Peculiar double galaxies (5), (6) (5), (7) 
(1) NGC 1068, Sb, strong nuclear emission (‘‘Seyfert galaxy’). 
(2) 05 + 02, Sa, with heavy absorption lane, possibly similar to NGC 5128. 
(3) 3C 66, EO, very faint “‘jet,’’ no emission. 
(4) NGC 4486, EO, jet, strong and broad \3727 in nucleus. 
(5) 00-015 = 3C 26, SO + Sb, distorted emission. 
(6) 09-014, Hydra A, double E with strong emission. 
(7) NGC 1275, Se + Irr, absorption and emission lines of both systems, Av = 3,000 km/s 
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found even for bright galaxies. It is also possible that a few spurious identifications 
are involved. The lower content of double galaxies in the 3C list is not unexpected, 
as mentioned earlier. 

Among the double galaxies identified as sources are many double elliptical 
galaxies. Jn the past, this has been considered as an indication of stimulation of 
radio emission in double galaxies, since single elliptical galaxies seemed in general to 
be weak emitters. Since a substantial number of sources have now been identified 
with single elliptical galaxies of normal appearance, the argument no longer is 
valid. The apparently large number of double galaxies has been considered as 
another indication of peculiar effects in such systems. This interpretation also 


cannot be maintained. Actually, the incidence of doubles is not larger than 
expected in view of the fact that the limit of search for identifications was fainter 


for double galaxies than for single galaxies. 

A fainter limit of search for double galaxies follows from the condition e?n(m,) 
< 0.1, which permits an extension of the search for a given class of objects to that 
magnitude m, at which the number n(m,) of objects in the class fulfils the condi- 
tion. For each class, the total number of objects available for identifications is 
therefore the same. 

The choice of the limit of search for double galaxies was based on counts of the 
number of close double galaxies in sample areas. These turned out to be in sub- 
stantial agreement with the data given by Holmberg,’ who found that 22 out of 100 
galaxies are in double or multiple galaxies. Doubles of the kind considered here 
form about one third of the objects in Holmberg’s catalogue. There are thus 
roughly four such double systems for 100 single galaxies. If uniform space distribu- 
tion is assumed, for which log n(m) = 0.6 m + const., the limit of search for double 
systems should be set 2.3 magnitudes fainter than for single galaxies. 

Thus, under the circumstances of the search, the number of identifications of 
single and of double galaxies refer to equal numbers of both types, or to twice as 
many galaxies in double systems as to single galaxies. If membership in a double 
system has no effect on the radio emission, the number of identifications with double 
galaxies should be twice that of identifications with single galaxies. The number 
of identified double galaxies therefore is actually less than might be expected. Jt 
is very likely that close double galaxies are somewhat less frequent than assumed 
and that a somewhat fainter limit of search for double systems could have been 
adopted. In any case, there is no valid evidence of an excess of sources that are 
connected with double galaxies of normal appearance. If there are normal double 
galaxies in which interaction between the components stimulates radio emission, 
they must be rare. 

The data have no bearing on the peculiar double galaxies such as Cygnus A, 
Hydra A, NGC 1275, where appearance and spectrum show unusual conditions. 
Only one new source has been found that may belong to this group (00-015; 
3C 26). It seems obvious that sources connected with such peculiar doubles 
must be very rare. Not to be considered here is the source 3C 295,° which was 
identified as the result of a special search and therefore cannot be included in the 
sample. It is also not known whether it is a double, since the object is too distant 
to show its structure. As to optical spectrum and to the strength of radio emission, 
the object is similar to Cygnus A. 
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One source whose interpretation now may have to be changed is NGC 5128. 
The observational evidence fits most naturally with the interpretation that this is 


a pair of galaxies, an Se seen edgewise and projected onto a giant SO galaxy. The 


object is unique among the brighter galaxies, but since it is one of the brightest 
galaxies, one would expect to find many objects of this type if the peculiarity of the 
object is connected with its radio emission. Only one new identification (MSH 
05 + 02), however, shows an object that might be similar. ‘The interpretation 
which now suggests itself is that, as in most double galaxies, the radio emission is 
connected with only one of the objects, most likely the giant SO. The unusual 
appearance and rarity of the object would then be due merely to the fact that it is 
seen in a projection which must be rare, and no connection between the appearance 
of the object and its radio emission would be expected. Whether this interpretation 
is acceptable depends essentially on whether sources of similar structure and size 
are connected with single galaxies or with doubles whose radio emission has to be 
ascribed to one of the components. 

Since it now seems that most sources are connected with galaxies of normal 
appearance, the question arises whether all these objects are entirely normal or 
whether there are different classes of objects, such as truly normal galaxies and 
galaxies like NGC 4486 (M87). The jet in that object is a pronounced peculiarity, 
but it is not conspicuous enough to expect it to be visible in more distant galaxies, 
nor is it certain that it should occur in all galaxies in which the unknown process 
operates that is responsible for the strong radio emission in NGC 4486. Thus, 
galaxies with normal appearance might be objects of this type. 

There are some indications that there may be indeed a difference between normal 
galaxies and galaxies with normal appearance but enhanced emission. The results 
of an investigation of bright galaxies by Miss Leslie® show that for none of the 
objects tested is m, — m, < —1, and the discussions by Long and Marks" seem to 
show that there are very few sources for which m, — m, is in the range from —2 to 
—4. The possibility that there is a systematic difference between the radio spec- 
trum of normal galaxies and galaxies with enhanced emission has been shown by 
Heeschen."! 

The decisive question is whether the luminosity function of sources, i.e., the 
number of sources per unit volume as a function of the absolute radio magnitude, 
shows a minimum separating different classes of sources. The selected lists of 
identifications from the MSH survey and the 3C survey together with the available 
optical data have been used for a determination of the luminosity function.'| There 
is a weak indication of an inflection near 1, = —23, which might indicate that a 
division exists, but the available data are insufficient to make this result statistically 
significant. 

One fact that may have a bearing on the question of the nature of the sources 
is the substantial number of sources that are in clusters of galaxies. Of the 19 
sources of the MSH list identified with normal single and double galaxies, 8 are in 
known clusters, 2 in the Virgo cluster, 6 in clusters catalogued by Abell.'? Of the 
21 sources of the 3C list identified with normal objects, 7 are in known clusters, 1 
in the Virgo cluster, 6 in clusters catalogued by Abell; the last number is only a 
lower limit, since many of the objects in the 3C list are more distant than Abell’s 
clusters. 
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If there were no difference between galaxies in clusters and in the field, the ratio 
of the number of sources in clusters to that of sources in the field should equal the 
ratio of the average space densities of galaxies in clusters to that of field galaxies. 
The mean mass density of the universe of 3.1 & 10-*! gm em* derived by Oort’ cor- 
responds to a space density of galaxies of | galaxy per about 20 Mpe*. The average 
space density of cluster galaxies can be derived from Abell’s data. These refer to 


clusters with a redshift to = 0.2 corresponding to a maximum distance of 800 


0 
Mpc. Abell’s survey covers about one third of the sky and thus refers to a volume 
of 7 X 10° Mpe’ for which a total number of 2,712 clusters are listed. This leads 
to a space density of | cluster per 3 X 10° Mpe*. If each cluster is assumed to con- 
tain 3,000 galaxies, a possible overestimate since the majority of clusters is in the 
lowest richness classes of Abell, the average space density of cluster galaxies becomes 
1 cluster galaxy per 200 Mpc*. On the average, there is thus | cluster galaxy per 
10 field galaxies, while the lists of identifications show 8 sources in clusters for 11 
sources identified with field galaxies for the MISH survey and more than 7 sources in 
clusters for 14 sources identified with field galaxies for the 3C survey. The 
difference between expectation and observational results is not large enough to be 
considered as definite proof of a difference between sources in clusters and in the 
field, but it tends to suggest that such a difference may exist and that all sources 
connected with galaxies of normal appearance may not be in one class. No sys- 
tematic difference seems to exist, however, between sources in clusters and in the 
field as to the absolute radio magnitudes. 

Of the seven sources in the selected lists that are identified with peculiar objects, 
four are in clusters, three are not. If the four sources of this type are added which 
are outside the area of the selected lists (NGC 1316, 3C 295, NGC 5128, Cygnus 
A), seven of the sources are in clusters, four are not. The evidence that membership 
in a cluster has some connection with the radio emission is thus somewhat stronger 


for peculiar objects than for objects with normal appearance. It is tempting to 
think that it is no accident that Cygnus A and 3C 295, the intrinsically strongest 
sources known, Hydra A, and NGC 1275 are in clusters of galaxies, but more 
identifications with peculiar objects are needed before the role can be established 


that membership in a cluster may play. 


* Present address: Radio Astronomy Laboratory, University of California, Berkeley. 
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{1 REVIEW OF THE HISTORY, PRESENT STATUS, AND COURSE OF 
RADIO ASTRONOMY IN THE SOVIET UNION 
By V. V. Virkevicu 
LEBEDEV PHYSICAL INSTITUTE 


Among early Soviet pioneers, one recalls the Russian physicist, Professor Stoletovy, who in 1890 
conjectured that the sun may emit radio waves; one also remembers the name of A. 8S. Popov, the 
inventor of radio. 

Information was given on the study cf the radio emission of the sun from 1947 to the present 
time. There were shown data on the ‘radio picture’ of the sun and also the one-dimensional 
pictures of the distribution of radio brightness received with the aid of the Pulkova radiotelescope 
on 3-em wavelength. There was mentioned the possibility of the existence of natural radio- 
emitting satellites of the sun. There has been discovered during the bursts of radio emission an 
excess of radio emission in the hydrogen line at about 3-em wavelength. 

The results were given of an investigation of the supercorona of the sun by the source occultation 
method. The magnetic fields of cireumsolar space are being investigated by studying the charac- 
ter of modifications of the intensity of cosmic rays with energy of about 0.2 Mev at heights up to 
30 km. 

In the Soviet Union, theoretical work in the field of the study of the mechanisms of nont hermal 
radio emission is developed on a broad scale. 

The methods of radio astronomy are being applied to the investigation of the ionosphere through 
observations from cosmic rockets. 

In the recent past, attention has been directed to investigations of the planets; there have been 
carried out radar researches of Venus and there have been determined the astronomical unit and 
period of rotation of Venus. 


THE ORIGIN OF NONTHERMAL GALACTIC RADIO EMISSION 
AND OF PRIMARY COSMIC RAYS 
By G. G. GETMANTSEV 
RADIOPHYSICAL INSTITUTE OF GORKY UNIVERSITY 


Arguments and discussion are given in favor of the idea that the origin of relativistic electrons 
responsible for nonthermal cosmic radio emission is in the halo at the early stage of existence of the 


galaxy. Supernovae are probably sources of relativistic electrons only for the flattened subsystem 


of cosmic radio emission. An exchange of cosmic rays between the flattened subsystem and halo 
is, for practical purposes, nonexistent. 


ON THE NATURE OF RADIOGALAXIES 
By V. L. GinzBurG 
RADIOPHYSICAL INSTITUTE OF GORKY UNIVERSITY 
It is demonstrated that a drastic increase in the number of relativistic electrons, which can lead 
to the emergence of radiogalaxies, may be connected up with an intensive acceleration of the par- 
ticles with the aid of the Fermi mechanism at an early stage of the formation of the galaxies, when 
matter is in rapid motion. 
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ON THE SPECTRA OF NONTHERMAL RADIO EMISSION OF THE 
MILKY WAY AND OTHER GALAXIES 


By V. A. Razin 
RADIOPHYSICAL INSTITUTE OF GORKY UNIVERSITY 


The frequency spectrum of synchrotron radio emission from relativistic electrons has been 
calculated, taking into account the ionization and synchrotron losses of energy of the particles. 


It has been demonstrated that the frequency spectrum of the radio emission of the halo should be 
somewhat steeper than the spectrum of the flat subsystem in the sources of radio emission if the 


exchange of relativistic particles between the flat subsystem and halo is impeded. Still steeper 


should be the spectrum of extragalactic radio emission. 


HYPOTHESES ON THE EXTRAGALACTIC ORIGIN OF COSMIC RAYS 
IN THE LIGHT OF RADIO-ASTRONOMICAL DATA 


By V. A. Razin 


RADIOPHYSICAL INSTITUTE OF GORKY UNIVERSITY 


The theories of the extragalactic origin of cosmic rays are subjected to a critique. It is demon- 


strated that if the relativistic electrons were of extragalactic origin, then the radio emission of the 
metagalaxy would be 10? times greater than the galactie radio emission, while in the spectrum of 
the radio emission there would be a noticeable maximum at high frequencies. 


ON THE POLARIZATION OF THE CRAB NEBULA ON THE 
WAVELENGTH 20 CM 
By V. A. Upatrzov 
LEBEDEV PHYSICAL INSTITUTE 
The measurements of polarization of the Crab Nebula at 20 em were made successfully. The 


results show that there is linear polarization, the value of which is 0.5 per cent. 


POSSIBLE METHODS OF CONSTRUCTION OF 


GIANT RADIO TELESCOPES 
By V. V. Virkevicu anv P. D. KaLacnev 
LEBEDEV PHYSICAL INSTITUTE 
In the Physical Institute of the USSR Academy of Sciences, the possible design patterns of giant 
radio telescopes are under consideration. 
For operation on short-wave bands, there are under consideration two possible design schemes: 


one with a strong cross-shaped framework within the aperture of the reflector, and the other with 
automatically regulated powered struts. There is also under consideration a model with flexible 


supporting cables and a wire reflecting surface. 


RADIO EMISSION OF THE TAURUS-A REGION ON 8-MM WAVELENGTHS 


By A. D. Kuzmin ann A. E. SALOMONOVICH 
LEBEDEV PHYSICAL INSTITUTE 


The results of an observation of the radio emission of the Taurus-A region at 8-mm wavelengths 
Two discrete sources of radio emission have been found. The first source is identified 
The right ascension of the center of gravity of the radio emission is dis- 


The flux density amounts to 500 


are given. 
with the Crab Nebula. 
placed 5* to the east of the optical center of the Crab Nebula. 
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x 10°% watts per square meter per cycle per second +25 , which agrees satisfactorily with a 


spectral index of the source Taurus-A of 0.25. 
The second source is a new, hitherto unobserved, emitting object. A thermal mechanism for its 
radiation is proposed which leads to RM = 2.7 & 108, R > 3.8 kpe, V. < 10% em~* and M/Mo 


> 400. 


ON THE WORK OF THE LARGE INTERFEROMETER RADIO 
TELESCOPE AT THE BYURAKAN OBSERVATORY 
By V. A. SANAMYAN 


BYURAKAN ASTROPHYSICAL OBSERVATORY 


A report is given on the design and the basic parameters of the radiointerferometer of the 


Byurakan Observatory. 

Discrete sources having a flux density of 20 & 107% w/m%e/s)~! are reliably recorded by this 
radio telescope. 

Preliminary results of observations show that a portion of the sources in the 2¢ catalogue are in 
actual fact not real; but the majority of those that appear in the 3e catalogue are real, though they 


require improvements in coordinates and flux density of the radio emission. 


PRELIMINARY RESULTS OF OBSERVATIONS OF THE REGION OF THE MILKY 
WAY CENTERED ON a 20 18™, § = 42° 30’, = 21CM 
By R. D. SoROCHENKO 
LEBEDEV PHYSICAL INSTITUTE 


With an 18 X 8 meter radiotelescope, observations have been carried out of the hydrogen line 
in the area of the Milky Way bounded by the coordinates 20" 04™ to 20" 32 in right ascension and 
Certain new details in the distribution of hydrogen have been found 


39° to 46° in declination. 
The presence of noticeable 


in the region surveyed which did not appear in the Leyden survey. 
distortions of the contours of the hydrogen line in the direction of the Cygnus-X radio source is 


noted. On the basis of the results of a preliminary reduction, the conclusion is drawn that this 


source is located in the first spiral arm of the galaxy. 


THE LARGE CROSS RADIO TELESCOPE OF THE PHYSICAL INSTITUTE OF THE 
ACADEMY OF SCIENCES (FIAN) 
By V. V. Virkevicu anp P. D. KALACHEY 
LEBEDEV PHYSICAL INSTITUTE 


At the P. N. Lebedev Institute of Physies of the USSR Academy of Sciences, there is being 
constructed the largest radio telescope in the world for operation at the meter wavelengths, utilizing 
a cross antenna system with a geometric area of 80,000 square meters. The east-west antenna 
arm is a parabolie cylinder, rotating to give variable beam elevation, and with dimensions of 40 
meters by 1,000 meters. The second parabolic cylinder in the north-south direction has the same 


dimensions, 


CONCERNING THE DISCRETE SOURCE OF RADIATION AT R. A, 18° 58™7, Dec. = 
+1°16’ 


By A. D. Kuzmin 
LEBEDEV PHYSICS INSTITUTE 


Results are given of the investigation of discrete radio source aj950 = 18'53""7: 81950 = 1°16’ 
observed at 9.6 em wavelength using the 22 meter radio telescope of the Lebedev Physics Institute 
of the USSR Academy of Sciences. The radiation flux density and the angular sizes of the source 
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have been determined. The data obtained were compared with those of other investigators and a 
spectrum of the source which turned out to be nonthermal was plotted. The spectral index was 
found to be equal to 0.4 + 0.1. Shklovsky’s technique” was used to determine the distance of 
the source R = 3,500 ps with the radiusr = 9 ps. The minimum total energy of relativistic particles 
and the magnetic field of the source was found to be equal to 10** ergs. The intensity of the 
magnetic field (H) = 10~‘ gauss. 

Comparison was made with the discrete radio source identified with the IC 443 nebula. The spec- 
trum of this source was plotted. The spectral index is equal to 0.5 + 0.1. Similarity of the com- 
pared sources is shown with regard to the structure, spectrum, dimension, total energy, and magnetic 
field intensity. The combination of above circumstances as well as the large value of the energy 
in the nebula brings one to the conclusion that the investigated source is a remnant of a Type II 
supernova. The results which Pariisky obtained on the basis of the thermal mechanism of radia- 
tion are appraised as erroneous. 


SPECTRA OF RADIO SOURCES OBSERVED WITH THE 22-METER RADIO TELESCOPE 
OF THE LEBEDEV PHYSICS INSTITUTE 
By A. D. KuzMin 
LEBEDEV PHYSICS INSTITUTE 


Critical comparison has been made of the results obtained through observations of discrete 
sources at 9.6 and 3.2 em wavelengths using the LPhI 22 m radio telescope with the data of other 
observers. The spectra of two typically thermal and of all nonthermal sources observed is given. 

The spectral indexes of the nonthermal sources have been determined and the results compared 
with the data of Whitfield! and Harris-Roberts.? 


No. Coordinates 

TAU or 9% 
OON6A 00": 22m6 
O3N4A 03 
OANBA O04 3: 
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OGON2ZA 06 
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* For f> 1500 Mes. n = 1.25 + 0.1. 


n 
= 
=> 
= 
= 
+ 
 — 
6 4+ 
o+ 
+ 
o - 
i+ 
42+ 
+ 
5+ 


wns 


n According to other data 
(1) (2) Notes 
0.7 + 90.2 0.53 + 0.0! Supernova 1572 
0. 9 + 0.2 0.66 + 0 
0.62 + 0 
0.21 + 0. Taurus A 
0.18 + OL: IC 443 
0.63 + 0.08 Hydra A 
0.25 = 0.1! 
0.72 Virgo A 
0.91 + 0. Hercules A 
0.55 + 0.06 
0.60 + 0.15 Supernova 1604 
0.48 + 0.08 
0.66 + 0.06 0.81 + 0.08 Cygnus A 
0.80 + 0.05 0.77 + 0.08 Cassiopeia A 


1 Whitfield, G. R., Monthly Netices “ Astren. Soc., 117; 680 (1957). 
Harris, D. E.,, and J. A. Roberts, P. A. S. P., 72, 237 (1960). 
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ree of excitation. 


EM 


ps cm ~? 
3.4 X 103 


* HD 17520 is located probably outside the nebula and cannot be a s« 


Optical 
object 
IC 1848 


ON THE CONNECTION BETWEEN HYDROGEN LINES 
RADIATION AND RADIO EMISSION OF GASEOUS 
NEBULAE. A NEW METHOD OF DETERMINATION OF 
DISTANCES TO NEBULAE 


By Y. N. Partsky 
PULKOVA OBSERVATORY 


Formulas connecting the radio flux density of a nebula with its 
intensity in the Balmer lines emission are given special attention 
being paid to values of the coefficients. The data used were as fol- 
lows: radio emission of the nebulae, their emission in the line Ha, 
distribution of the absorption matter in the galaxy. The distances 
to 32 nebulae and their linear dimensions are determined, and the 
electron densities and the masses are found. 


IDENTIFICATION OF EXCITING STARS AND 
DETERMINATION OF EMISSION NEBULA PARAMETERS 
ON THE BASIS OF RADIO-ASTRONOMICAL DAT A* 


By A. D. Kuzmin anno R. I. Noskova 
LEBEDEV PHYSICS INSTITUTE 


A new method is suggested for the independent determination of 
distances of emission nebulae and possible exciting stars. 

The nebular distance is determined on the basis of radio data 
from the condition of equality of the radiation source radius and the 
ionization zone (Str6mgren zone) radius. From the optical data 
only the spectral class of the possible exciting star is made use of. 
The distance of stars is determined with the aid of radio data, and 
from photometric data the total absorption obtained. 

Formulas for determining the electron density, ionization zone 
radius, end the nebular mass on the basis of radio data and_ the 
spectral class of the excitation stars have been derived. 

The technique has been applied to the nebulae IC 1848, IC 410, 
NGC 2175, NGC 2244, and NGC 6523. The stars HDE 242908, 
HD 42088, and HD 46223 have been confirmed as exciting the neb- 
ulae IC 410, NGC 2175, and NGC 2244, respectively. Of the 
two hot stars located in IC 1848 nebula in the plane of projection, 
the exciting star for the nebula can only be HD 17505. HD 164794 
is obviously the basie exciting star in NGC 6523. Possibly this 
nebula consists of two disconnected areas having different dis- 
tances. 


* For details, see the Soviet Astronomical Journal, 39, 241 (1962). 
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TOPOTACTIC REACTIONS IN ORGANIC CRYSTALS* 
By H. Morawerz, 8. Z. Jakasuazy, J. B. LANDO, AND J. SHAFER 
DEPARTMENT OF CHEMISTRY, POLYTECHNIC INSTITUTE OF BROOKLYN 
Communicated by H. F. Mark, April 3, 1963 


Crystalline organic compounds have been observed to react in a number of cases 
in a manner which suggests that the process is dependent on the geom- 
etry of the disposition of reactive groups in the erystal lattice. Such a 
process, first observed with inorganic reactions, has been designated by Kohl- 
schuetter' as “topochemical,’’ and several criteria may be used to show that a 
reaction falls into this category. The first depends on the demonstration that the 
reactivity of chemically similar crystalline substances is unrelated to the relative 
reactivity of these substances in the liquid state. A particularly powerful argu- 
ment is provided if different crystalline modifications of the same reagent differ 
widely in their reactivity. A striking example of such effects was provided in 
detailed studies of the radiation-induced decomposition of choline chloride to 
acetaldehyde and trimethylammonium chloride. It was found that other choline 
salts do not react at comparable rates, that such minor alterations in the molecule 
of the reagent as the substitution of an ethyl for a N-methyl group eliminates the 
reactivity, that dissolved choline chloride is quite unreactive,?~* and that an al- 
lotropic transformation in the temperature range of 73-78°C eliminates the re- 
activity of crystalline choline chloride.’ ® The radiation-induced polymerization 
of alkali acrylates’ or of different modifications of calcium acrylate* was also ob- 
served to proceed at vastly different rates, although the reactive species is the 
acrylate ion in all these cases. 

Another argument for topochemical control of a solid state reaction is the dem- 
onstration that the reaction product obtained from solid reagents is chemically 
distinct from the reaction product obtained in the liquid state, or else depends in a 
series of related solid reagents on properties of the crystal structure. The first 
report of such an effect in an organic reaction was, as far as we know, made by 
Sluyterman and his collaborators,*: '° who found that tetraglycine methyl ester 
yielded polyglycine and methanol when heated in solution, but led to sarcosyl- 
glycine when heated in the crystalline state. More recently, a study was carried 
out of the photodimerization of cinnamic acid derivatives. ‘Two isomeric dimers 
are possible, one with a center of symmetry and one with a plane of symmetry; 
it was strikingly demonstrated that the symmetry properties of the crystal structure 
of the reagent invariably correlated with the symmetry of the reaction product." 
A detailed review of topochemical effects in reactions of organic crystals will be 
given elsewhere.!? 

A different category of topochemical processes includes “all chemical solid state 
reactions that lead to a material with crystal orientations correlated with the 
crystal orientation of the reagent”’ which have been named by Lotgering!* topo- 
tactic. The phenomenon of topotaxy has been observed fairly frequently with 
inorganic processes, and this field has been recently reviewed by Glasser et al.'4 
A typical process of this class is the oxidation of magnetic Fe;O0, to y-Fe2O3, which 
has been shown to proceed by the addition of oxygen layers to the surface of the 


‘ 
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crystal with a migration of the cations to their new lattice positions.!® It would be 
expected that such a process is relatively easy if the migrating species is a small ion, 
but that it would be much more unlikely if the geometric redistribution were to 
involve bulky molecular species, particularly if the reaction required the breaking 
and formation of covalent bonds. Nevertheless, Kohlschuetter discovered more 
than thirty vears ago that trioxane crystals may be polymerized to polyoxy- 
methylene in a topotactic process so that all the axes of the chain molecules lie 
parallel to the c-axis of the hexagonal crystal of the trioxane.'® "It is surprising 
that this unexpected observation evoked little interest in the scientific community 
at the time it was made and was generally forgotten before it was recently redis- 
covered on trioxane exposed to ionizing radiation.'’:'* A more detailed X-ray 
investigation revealed that polyoxymethylene prepared in the solid state consists 
of crystallites which are ordered not only with respect to the fiber axis, but exhibit a 


20-22 


high degree of three-dimensional order,”°~*? so that the geometric order of the re- 
agent crystal is being largely preserved during the polymerization reaction. It may 
be said that the polymerization of trioxane is particularly favorable to the pres- 
ervation of crystalline order. Both monomer and polymer crystal lattices can be 
indexed in the hexagonal system, and the repeat distances in the direction of the 
fiber axis are practically identical.'’ Also, the reaction would be expected to be 
almost thermoneutral, since the same kind of bonds are broken and formed. We 
have, however, found that the production of geometrically ordered products in a 
solid state organic reaction is possible also in cases which would appear to be much 
less favorable for such a process. 

The first case concerns p-benzamidostyrene (BAS), a substance which melts at 
178°C but which polymerizes in the solid state at measurable rates at temperatures 
as low as 105°C. The details of a study of this process will be given elsewhere.”* 
A study of single crystals of BAS with polarized infrared radiation showed that all 
the N--H bonds lie parallel to one another, so that the absorption band due to N—-H 
stretching may be completely eliminated by suitable adjustment of the polarizer. 
On the other hand, when the plane of polarization was parallel to the N—H bonds, 
the optical density D) was found to be much stronger in BAS than in a disoriented 
polymer derived from it. By placing a single crystal contained in a thermostatically 
controlled cell into the IR spectrophotometer, it was possible to observe simul- 
taneously the extent of polymerization from the disappearance of the band at 
992 em~' due to the C—H out-of-plane vibration in the vinyl group and the 
change in the orientation of the N-—H bonds from changes in Dj at 3340 em~'. 

Typical results are shown in Figure 1. It was found that Dy decayed with the 
progress of the polymerization at 130°C, but that the infrared dichroism was 
almost fully preserved if the reaction temperature lay below 120°C. It was also 
established in a dilatometric experiment that poly(p-benzamidostyrene) has a glass 
transition at 120°C. Since kinetic data revealed no break in an Arrhenius plot of 
polymerization rates against temperature above and below the glass transition 
temperature T,, the mechanism of the process remained apparently unchanged. 
The evidence is consistent with the assumption that polymer first forms in a highly 
oriented form in which the hydrogen-bonded structure characteristic of the mon- 
omer crystal remains largely intact. This oriented polymer may relax in a see- 
ondary process if the temperature lies above T,, but is preserved for observation at 
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Fig. 1.—Change of optical density of the 3340 cm~! band during the polymerization of single 
crystals of p-benzamidostyrene using radiation polarized in a plane parallel to the N—H_ bonds. 


lower temperatures. Although the order of the polymer is insufficient for a sharp 
X-ray diffraction pattern and the process does not meet the requirements of the 
definition of topotaxy as formulated by Lotgering,'* the extent to which the strue- 
ture is preserved in a process as drastic as a vinyl polymerization is remarkable. 

A number of investigators have reported that condensation reactions in which 
small molecules are eliminated may proceed in the solid state.*4~*° We wished 
therefore to explore on a model system the question whether the molecules of the 
reaction product may in such a case also be ordered with respect to crystallographic 
directions of the reagent. Phthalanilic acid, which melts with decomposition at 
171-172°C, has been reported previously to condense at temperatures as low as 
100°C to N-phenylphthalamide.*? We followed therefore by X-ray diffraction 
the changes taking place in a single crystal of phthalanilic acid during the con- 
densation reaction. The rotation photographs of a single crystal before and after 
heating for 19 hr at 125°C are shown in Figure 2. It may be seen that the heated 
specimen contains, in addition to the diffraction spots characteristic of the reactants, 
short ares at spacings characteristic of the crystal lattice of the reaction product, 
indicating that the crystallites of the product are fairly well oriented with respect 
to the crystallographic direction of the reagent crystal. 

It should be noted that the crystal structures of the reactant and the product 
are quite different in this case. Phthalanilic acid is monoclinic, space group 
P2,/a,a = 22.8 A, b = 9.3 Aye = 10.6 A, with two molecules forming the asym- 
metric unit of structure. On the other hand, N-phenylphthalamide is ortho- 
rhombic, space group Pean, a = 22.8 A, b = 5.5 A, e = 8.1 A with half a molecule 
as the asymmetric unit of structure. From the rotation photograph shown in 
igure 2, it appears that crystallites of the product have their c-axis oriented parallel 
to the b-axis of the reactant crystal. 

Summary.-Two cases of topotaxy in solid organic reactions, other than the 


previously described solid state polymerization of certain evelic monomers, were 
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Original crystal. 


wees! 


(b) Crystal heated for 19 hr at 125° C. 
Fig. 2.—X-ray diffraction from a crystal of phthalanilic acid. 


observed in solid state organic reactions. The first involves the polymerization 
of crystalline p-benzamidostyrene in which the infrared dichroism was found to be 
preserved, provided the reaction was carried out below the glass transition tem- 
perature of the product. The second case concerns the dehydration of crystalline 
phthalanilie acid to N-phenylphthalamide in which crystallites of the reaction 
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product were found to be largely oriented in crystallographic directions of the 


reactant crystal. 


* The authors are indebted to the U.S. Atomie Energy Commission for financial support of 
this investigation. 
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CHROMOSOME DUPLICATION AND STRUCTURE AS DETERMINED 
BY AUTORADIOGRAPHY * 


By W. J. PEacocktT 
BOTANY DEPARTMENT, UNIVERSITY OF SYDNEY 


Communicated by Berwind P. Kaufmann, Aprit 22, 1963 


Taylor, Woods, and Hughes! utilized tritiated thymidine to study the pattern of 
distribution of newly synthesized DNA through a sequence of mitoses. They 
found that at the metaphase immediately following the replication period in which 
the isotope was incorporated, both chromatids of each chromosome were labeled, 
but that in the next (X.) metaphase, after a replication in absence of label, each 


chromosome was labeled in only one chromatid. These results indicated that 
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chromosome duplication is a semiconservative? process, the conserved half-unit 
extending the full length of the chromosome. It was realized that a replication 
procedure, analogous to the scheme proposed for the DNA molecule,* was required, 
but that it was not necessary to imply that only one DNA molecule was involved. 


Appropriate segregation from a number of molecules could yield similar results. 


Subsequently, however, Taylor! > concluded that the anaphase chromosome is 
composed of only one strand of DNA, probably consisting of several molecules 
associated linearly.£ This conclusion was based mainly on the occurrence of non- 
random restitution in sister chromatid exchange. La Cour and Pele’? obtained 
different results from experiments which were comparable except that colchicine was 
not used to mark the X» divisions. They found that although some chromosomes 
at the X, metaphases were labeled in only one chromatid, most chromosomes were 
labeled along both, and they concluded that colchicine must affect chromosome 
replication. This hypothesis was tested by subjecting plants to colchicine treat- 
ment during the labeling period; at the X; metaphase many chromosomes showed a 
segregation of label between sister chromatids. La Cour and Pele suggested that 
segregation of a number of strands of DNA could explain all their results, but Woods 
and Schairer® criticized the experiments and reported that both chromatids of all 
X, chromosomes were labeled whether or not colehicine had been present during the 
label replication period. 

These autoradiographic experiments have stimulated interest in the problems of 
chromosome structure. Despite the conflicting results, the interpretation of the 
chromatid as a single strand (unineme) of DNA has found wide acceptance. On 
the other hand, the postulate of a multistranded (polyneme) condition is supported 
by observations of longitudinal units within the chromatid with both the light and 
electron microscopes,’ and particularly by irradiation experiments in which sub- 
chromatid breakage and reunion has been demonstrated.'” In this paper auto- 
radiographic experiments are reported which have yielded results conformable to a 
polyneme rather than a unineme structure of the chromosome. 

Materials and Methods.—Seedlings of Vicia faba were grown in culture solution and were used 
when several lateral roots about one em long were available. In all experiments plants were placed 
in culture solution containing tritiated thymidine (2 we/ml, S.A. 0.31 C/mM) for 9 hr, the approxi- 
mate length of one replication cycle.!! After thorough washing they were transferred into culture 
solution containing excess nontritiated thymidine (0.2 mg/ml). Four different colchicine (0.5% ) 
treatments were employed. Experiment A: Colchicine added to the nontritiated culture solu- 
tion. Experiment B: Without colchicine. Experiment C: Colchicine added to nontritiated 
culture solution 26 hr after the beginning of the experiment, i.e., just prior to the second replication 
period. Experiment D: Colchicine included in both the tritiated and nontritiated culture solu- 
tions. In addition, a one hr pretreatment with colchicine was given to obviate any lag in penetra- 
tion.!2 Two plants were used in each experiment and two root tips from each plant were taken at 
each sampling. Fixations (1:3 acetic ethanol, 1'/. hr) were made at two-hourly intervals over the 
periods 18-22 (first series) and 46-54 hr (second series) after initiation of the label treatment. 
Hydrolysis in V HCl for 6 min at 60°C was followed by Feulgen staining for 1—-1'/. hr. The root 
tips were squashed in 10°; acetic acid on albumenized slides using silicone-treated cover slips. The 
cover slips were floated off in 10°; acetic acid, and the slides washed in six changes of distilled water. 
Stripping film (Kodak AR10) was applied (water at 25°C), and after drying at room temperature 
the slides were placed in dry, light-tight boxes for exposure at 4°C. Before development (D19b for 
for 4-5 min at 18°C) the slides were allowed to equilibrate to room temperature. 

In the collection of results care was taken to avoid potential errors in analysis resulting from: (a) 
shifting of the image due to loealized expansions of the gelatin backing of the stripping film, and (b) 
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failure of formation of the image due to absorption of the Beta particles by overlying eytoplasm. 
The karyotype of Vicia consists of one metacentric (M) and five subtelocentric (8) chromosomes; 
the S chromosomes generally cannot be individually identified but in a well-spread c-anaphase cell 
sister chromatids can be distinguished by position and morphology (e.g., Fig. 1). 

Results. -In each experiment inter- and intra-plant replicates gave consistent 
results and their data have been grouped in the analysis. 

Experiment A: This experiment parallels the original procedure of Taylor, 
Woods, and Hughes.' Some isotope was present in metaphases at 18 hr, but fully 
labeled metaphases occurred most frequently at the 20 and 22 hr fixations. All 
chromosomes which satisfied the criterion of direct contact with the emulsion were 
similarly (i.e., iso-) labeled along each chromatid even where labeling was segmen- 
tally restricted. Grain counts supported the null hypothesis of equal labeling for 
sister chromatids. 

In the second series of fixations, labeled tetraploid X, cells were identified at 48 
hr but were most frequent at 52 and 54 hr. .The majority of chromosomes in these 
tetraploid cells showed a segregation of label; one chromatid being labeled and its 
sister unlabeled, or where an exchange had taken place, both chromatids were 
labeled in complementary fashion. 


TABLE 1 
DISTRIBUTION OF LABEL IN X» CHROMOSOMES 


Label segregation— Iso-labeling —— No. of Propn. of 
nter- chromo- chromosomes 
Experi- Chromosome 0 1 or more Full Terminal calary somes with 
ment type exchanges exchanges length segment segment scored iso-labeling 


A M 13 37 11 11 3 75 0.333 
s 11S 140 35 37 3 333 0.225 
Cc M 19 36 7 13 76 0.276 
S 129 137 3S 29 2 335 0.206 


)) M 14 28 2 6 51 0.176 
s 116 136 23 12 294 0.143 


M aenotes Metacentric Chromosome. 8 denotes Subtelocentric Chromosome. 


However, most nuclei had some chromosomes which did not conform. to 
this pattern; these were iso-labeled in both chromatids either for their 
full length or for a segment. Where the iso-labeling was segmental, it 
was more often terminal than interealary. In some of these chromosomes there 
appeared to be a greater concentration of grains over one chromatid than over the 
other, but the relatively small number of grains prevented any significant dis- 
crimination against the hypothesis of equal distribution. Labeled diploid nuclei 
occurred in low frequency in all slides of this series of fixations, even at 54 hr. In 
these cells both chromatids of all chromosomes contained tracer, indicating that 
they were X, cells which must have had an extended interphase-prophase. 

The various label distribution patterns are illustrated in Figures 1-6. 

Experiment B: Since colchicine was not used at any stage in this experiment, 
tetraploidy was not available as a marker for X, cells, but fixations were made over 
the same time periods as in Experiment A so that most divisions in the second series 
could be expected to be Xo». The uncolehicined metaphases were difficult to study 
because of the close association of sister chromatids, but heavy squashing achieved 
separation sufficiently often to allow qualitative analysis. Anaphases were often 
suitable for scoring, although identification of homologous chromatids in both poles 
was usually only possible for the M (metacentric) chromosomes. 
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Kia. Diploid XN» nu- 
cleus (Experiment C) show- 
ing segregation of label in 
chromosomes 7, 8, 9, 10, Tl, 
12; sister chromatid ex- 
changes in chromosomes 1, 2, 
3,4, 5; iso-labeling in chro- 
mosome 6, Segmental (chro- 
mosomes 7, 8, 10) and 
chromosomal (e.g., chromo- 
somes 11 and 8) asynchrony 
of replication is also shown. 


Fics. 2--6.—-Portions — of 


Tetraploid X» Nuclet: 


Fig. 2.—-Iso-labeling — in 
chromosomes 1, 2, 4, and 7, 
label segregation in others. 


Fig. 3.—Terminal and in- 
tercalary iso-labeling in M 
chromosome. 


Fig. 4.-—Iso-labeling in 
nontrabant arm of M chromo- 
some. 


Fig. 5.—Iso-labeled 8 chro- 
mosome., 


Fic. 6.—Intercalary — iso- 
labeling in S chromosome. 

In material from the first series of fixations, all cells showed labeling over homol- 
ogous segments of both chromatids of each chromosome. In the second series 
510° of metaphases had a similar labeling pattern and were presumably X, 
divisions, but the majority showed many chromosomes with a segregation of label 
between sister chromatids. In anaphases, identified as X. because of label segrega- 
tion, some homologues showed iso-labeling. Quantitative data were not collected 
but the results were obviously comparable to those of the first experiment. 

Experiment C: In this experiment, as in Experiment B, X2 cells were not identi- 
fiable by tetraploidy, but only by appropriate timing and by the distribution of 
tritiated thymidine. The results again paralleled those of Experiment A for both 
the first and second series of fixations. In X» nuclei, chromosomes labeled in both 
chromatids occurred along with those having only one chromatid labeled (Table 1). 

Experiment D: This experiment repeats one first carried out by La Cour and 
Pele.’ Iso-labeling was constant in all X; chromosomes which had both chromatids 
in direct contact with the emulsion. Occasional apparent segregation of isotope 
was attributable to absorption of beta particles by overlying cytoplasm. The 
results support the findings of Woods and Schairer and not those of La Cour and 
Pele. Tetraploid X, cells were similar to those in Experiment A (Table 1). 

Sister chromatid exchange: In the X, cells of all experiments more than 50% of 
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chromosomes showed exchange of labeling between sister chromatids. The num- 
ber of exchanges varied from 0-4 in the S (subtelocentrie) chromosomes and from 
0 5in the M chromosomes. —l'requencies of the various classes in the three experi- 
ments are given in Table 2 where exchanges in the M chromosomes are shown sep- 
arately for each arm as well as for the chromosomes as a whole. Data from iso- 
labeled chromosomes have been included in the table: whole, terminal, and inter- 


calary iso-labeling have been scored as 0, 1, and 2 exchanges, respectively. 

Pattern of replication: These experiments were not designed to investigate the 
pattern of DNA replication along the chromosomes, but X, cells which are lightly 
labeled do provide some evidence on this point. Such cells presumably had almost 


completed DNA replication at the time of isotope application or had entered the 
TABLE 2 
FREQUENCIES OF EXCHANGES 
No. of 


No. of exchanges per chromosome — chromo- 
Experiment 1 2 3 somes 


S chromosomes A ) 0.372 159 0.009 333 
CC 40 0.370 116 0.015 335 
I) a 0.354 143 0.027 0.003 204 
Means 0.366 139 0.017 0.001 962 
Trabant arm of M A 53s 0.382 0.066 0.013 75 
chromosome cS 57: 0.333 0.067 0.027 76 
1) 544 0.333 0.118 jl 
Means 555 0.351 O79 O15 202 
Nontrabant arm of A dL: 0.355 132 
M chromosome Cc § 0.333 133 027 
D 4! 0.333 11S 
Means 520 0.342 128 O10 
M chromosome A 320 0.307 253 OSO 0.040 
| > 342 0.303 250 O79 0. 026* 
D 3l4 0.314 294 O78 
Means 327 0.307 262 079 0.025 


* Contains 2 with 5 breaks. 


replicative phase not long before the isotope was removed. Not infrequently, 
metaphase complements contained some chromosomes free of label and ethers 
which were only part-labeled. Sometimes, two or more nonadjacent segments in a 
chromosome arm were labeled. These observations suggest that DNA replication 
in Vieia is asynchronous between and within chromosomes and is nonsequential 
along a chromosome arm. 

Discussion.—Colchicine effects: In the present experiments, consistent X; and 
X, results were found in all colchicine treatments, homogeneity extending to a 
quantitative level where such data could be collected. La Cour and Pele’s claim 
that colchicine influences the distribution of newly synthesized DNA is not sup- 
ported. All apparent instances of label segregation between sister chromatids in 
the X; were demonstrably due to experimental error. From observations on the 
X, divisions in Bellevalia where breakages at X, and X» interphases could be dis- 
tinguished as “twin” and “single’’ exchanges, Taylor’ found that the frequency of 
sister chromatid exchange was reduced in the presence of colchicine. The karyo- 
type of Vicia does not permit such an analysis, but if this colchicine effect does oecur, 
the mean number of exchanges per chromosome in Experiment D should be less 
than in Experiments A and C. However, there are no significant differences be- 
tween the means either for the M or the S chromosomes in the three experiments, 
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and it is concluded that in Viera colchicine does not alter the prospect of sister 
chromatid exchange. 

Sister chromatid exchange: Although X; and X, exchange events are not ob- 
servationally separable in the X. metaphase, analysis should permit discrimination 
between the sequences of events which are confounded in some observed classes. 
For example, chromosomes with two exchanges could result from two breakage 
events in either division or from one breakage event in each of the two divisions. 
The prospect of exchange in the X, might be expected to differ from that in the X., 
since in the latter the level of endogenous irradiation is halved. Wimber!® has 
correlated chromosome breakage with exposure to tritiated thymidine, but Taylor® 
found that the frequencies of sister chromatid exchange were not significantly af- 
fected by incorporated tritium. Forro and Wertheimer! have made a similar 
claim for DNA in E£. colt. 

If Taylor’s conclusions are accepted, the assumption may be made that the X, 
and X, interphases have equal and independent prospects of exchange. On this 
basis the distribution of 0, 1,2... exchanges during an interphase will conform to a 
poisson series and the expectation of chromosomes with zero, one, or more exchanges 
at the X. metaphase will be given by the terms of the compound poisson : 


9 


zm! See Re ). 


e~*"(1 + 2m + 2m* + —m'* + - 
» . 


The maximum likelihood estimate of the parameter ‘‘m’’ (the probability of an ex- 
change occurring) is obtained directly from the observed mean. ‘Tests of the data 
against the above expectations (Table 3) show a satisfactory fit for the M chromo- 


TABLE 3 
ANALYSIS OF DISTRIBUTION OF EXCHANGES 
Obs. mean no. of 


Chromosome exchanges / Fit of X: data to 
type chromosome compound poisson 


S 0.699 x3 12.498, 0.01 > P > 0.001 
Trabant arm of M 0.554 Xi 1.088, P ~ 0.3 
Nontrabant arm of M 0.629 x2? 3.652,0.2 >P>0.1 

M 1.178 x3" 4.823,0.2>P>0.1 


some (and for its arms considered separately), while a chi square value significant 
at the 0.05 level was obtained for the S chromosomes. Evaluation of this departure 
from expectation is difficult since the classes which yield most information on inter- 
ference (3 or 4 exchanges) were represented by small numbers. The data, then, do 
not distinguish satisfactorily between the hypotheses of independence or interference 
between successive sister chromatid exchanges. The possibility remains that the 
characteristics of the mitotic exchange process are similar to those of meiotic ex- 
change. Since arm lengths are similar in the S and M chromosomes, the observed 
means for number of exchanges per chromosome conform to Taylor’s observation 
that exchange frequencies are proportional to chromosome lengths. 

Patterns of label distribution: Most chromosomes confirm Taylor’s observation 
of segregation of label at the X.. With the underlying premise of semiconservative 
replication of DNA, these conform to expectations based on a unineme hypothesis 
(see Fig. 7). However, the significant proportion of X». chromosomes showing 
iso-labeling along sister chromatids is not easily explicable on a unineme structure. 





Von. 49, 1963 GENETICS: W. J. PEACOCK 799 


Four possible origins of iso-labeling may be considered: (i) Residual tsotope in- 
corporation: The possibility of incorporation of isotope in the X» interphase may 
be rejected, since unbound tritiated thymidine is rapidly depleted when tissues are 
removed from isotope” and since excess unlabeled thymidine was present during the 
second replication. (ii) Interchromosomal exchange: ‘Taylor found a low frequency 
of iso-labeling in colchicine-tetraploid cells and postulated" that interchromosomal 
exchange between the four chromatids of adjacent sister chromosomes might be in- 
volved. This postulate is unsatisfactory in the present experiments since iso- 
labeling occurred in the absence of colchicine. (iii) Multiple exchanges: The pos- 
sibility that iso-labeling results from multiple exchanges unresolvable by the auto- 
radiographic technique is searcely plausible. It does not conform to the observed 
distribution of segmental exchanges nor to the occurrence of segmental iso-labeling. 
(iv) Polyneme structure: Uf the chromosome were composed of more than one 
strand of DNA, both segregational and iso-labeling could be obtained in the Xz. 
These possibilities are diagrammed in Figure 7 for the minimal requirement of two 
DNA strands (a bineme). 

If sister helices of each X,; DNA molecule are both associated in the same X. 
daughter chromatid (ef. Fig. 7, ‘within chromatid segregation’’), iso-labeling will be 
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Fig. 8.—Chromatid and sub- 

Fic. 7.—Possible distributions of DNA helices. chromatid exchange. — Isotope 

Presence of isotope is indicated by broken line in indicated as in Fig. 7. B& R = 
DNA helices and by blocked-in chromatids. breakage and reunion. 


evident; whereas if they are incorporated one into each of the two daughter chro- 
matids, a segregation of label (lig. 7, “between chromatid segregation”) may be 
achieved, provided isotope-containing helices assort together. The diagram depicts 
segregation of “like’’ (noncomplementary) X, single helices, but a similar result can 
be obtained with assortment of complementary helices, if the sisters pass one to each 
daughter chromatid. 

Segmental iso-labeling is predictable on the polyneme hypothesis; if during sister 
chromatid exchange ‘‘subchromatids”’ rather than chromatids act as the functional 
units in restitution, it may occur (Fig. 8). The preponderance of terminal over 
intercalary segmental iso-labeling conforms to the breakage-restitution hypothesis, 
since the latter would require two breakage events and would be expected in much 
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lower frequency than the single-event terminal labeling. Where a chromosome 
shows segmental iso-labeling, the mean grain count ‘unit chromatid length should 
be less in the iso-labeled region than where an all-or-nothing segregation of label 
has occurred. Observations suggest that this is so, but the technique permits only 
qualitative resolution at the chromatid level, and no decisive statement may be 
made. This same limitation prevents analysis of density of labeling between sister 
iso-labeled segments; if the apparent inequality (ef. Experiment A) were real, then 
a bineme structure would be inadequate as the minimal hypothesis-—at least four 
strands would be demanded. 

In contrast to the uniformity found in other features of the several experiments, 
considerable variability occurred in the proportion of X» chromosomes showing iso- 
labeling. It may be suggested that breakdown of the usual all-or-nothing segrega- 
tion pattern is sensitive to environmental conditions; this may explain why iso- 
labeling has been found in the X, only by some investigators. !: 7 

It is concluded that the results of the present experiments provide evidence of a 
multiple strand structure of the Vicia chromosome; a unineme hypothesis is in- 
sufficient. All results from other autoradiographic experiments are explicable on 
the polyneme hypothesis, e.g., segregation of label at the X, metaphase’: " could 
result from asynchrony of replication of the component strands—on a unineme basis 
a conservative mechanism of DNA replication would have to be inferred for such 
chromosomes. Strong corroborative evidence for a multiple structure of the Vicia 
chromosome is provided by irradiation experiments. 

Summary.—Tritium-labeled thymidine was applied to Vicia faba root tips for the 
approximate length of one DNA replication period, and autoradiographs were pre- 
pared to follow its distribution in subsequent cell generations. It was found that 
DNA replication sometimes proceeded simultaneously in more than one segment of 
a chromosome arm; asynchrony of replication was also shown between chromo- 
somes of the complement. Colchicine did not influence DNA replication or segre- 
gation, nor did it alter the prospects of sister chromatid exchange. Frequencies of 
exchanges were directly correlated to chromosome lengths, but it was not possible 
to evaluate the effect of one exchange on the probability of subsequent exchanges 
occurring in the same arm. Most chromosomes followed a semiconservative du- 
plication cycle, showing, in the X2, an all-or-nothing segregation of labeling between 
sister chromatids. This pattern of label distribution is compatible with either a 
unineme or polyneme concept of chromosome structure, but the occurrence of X» 
chromosomes labeled over homologous regions of both chromatids (iso-labeled) 
provided critical evidence in favor of the latter hypothesis. Chromosome duplica- 
tion involves both DNA replication and DNA assortment. 
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A COMPARISON OF THE VIABILITY EFFECTS OF CHROMOSOMES 
IN HETEROZYGOUS AND HOMOZYGOUS CONDITION* 


By BrucE WALLACE 
CORNELL UNIVERSITY 


Communicated by Theodosius Dobzhansky, April 24, 1963 


Geneticists tend to think of mutant genes in terms of their effects on homozygous 
carriers. In part this tendency exists because the majority of genes are recessive; 
for most practical purposes heterozygotes appear to be normal. Furthermore, 
homozygous stocks of diploid organisms are easier to maintain than heterozygous 
ones; consequently, the homozygotes are available for experimentation. A typical 
study of gene action, for example, involves a comparison of normal individuals and 
mutant homozygotes. A comparative study of heterozygotes, to determine the 
effects of the mutation in single dose, is made secondarily, if at all. Numerous 
examples of this pattern of investigation could be cited from developmental studies. 
In population genetics, work of Dobzhansky et al.,'! of Hiraizumi and Crow,? and 
of Wallace and Dobzhansky? serve as illustrations; the routine procedure has been 
to inventory the genetic variation in a population by tests of homozygotes and then 
to assay the role of this variation in populations by studying heterozygotes. 

In the study of populations, there is good reason to reverse the usual procedure 
for investigating gene effects. Suppose a previously nonexistent mutant allele 
arises within a population of crossbreeding individuals. Neglecting chance events 
this new allele will be eliminated from or established in the population according to 
its effect on heterozygous individuals (Parsons and Bodmer; Wallace’). The 
adaptedness of individuals homozygous for the new mutation becomes important 
only after the mutant allele has reached fairly high frequencies in the population. 
The homozygotes do not even affect the elimination-establishment alternative; 
they merely help to determine final gene frequencies. 
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In a sense, then, what occurs in natural populations is precisely the reverse of 
what happens in experiments; experimenters are generally unaware that they have 
a mutation until they have obtained a homozygote; natural populations contain few 
or no homozygotes until heterozygotes have been subjected for several generations 


to tests for survival and have proved themselves superior in fitness to the old popula- 
tion average. 

In a recent publication, Wallace and Dobzhansky*® were able to give a much 
clearer picture of the relation between the viability effects of chromosomes expressed 
in homozygotes and heterozygotes than was previously available. In earlier 
analyses, chromosomes were arranged in order according to the ascending viabilities 
of homozygotes indicated by ratios of contrasting types of flies in appropriately 
devised test cultures. These homozygotes were then grouped into a convenient 
number of classes, and an average viability was computed for individuals carrying 
the chromosomes of each class in heterozygous condition. Thus, one obtained for 
groups of chromosomes seemingly comparable values expressing their average via- 
bility effects in homozygous and heterozygous individuals. 

The values obtained by these procedures were, however, not strictly comparable. 
The “ordered” viabilities of homozygotes were fixed by the original observations 
themselves, while the calculated viabilities of heterozygotes were averages based 
on a number of independent cultures. The latter are always very similar to one 
another; furthermore, they are always substantially lower than the viabilities of the 
highest “ordered”’ homozygotes. As a rule, the regression of the viability of hetero- 
zygotes on that of homozygotes is positive; this regression can be interpreted as a 
measure of dominance of deleterious mutations. Since the viabilities of homozygotes 
and heterozygotes are in fact not comparable, estimates of dominance based on 
the slope of this regression are meaningless. 

The error inherent in the above procedure is eliminated by comparing the via- 
bility of heterozygotes, not with that of “ordered” homozygotes, but with the via- 
bilities of these same chromosomes observed in replicate cultures of homozygotes. 
Whereas the viability of heterozygotes generally increases steadily with that of 
ordered homozygotes (at least in the upper portion of the viability range), the viabil- 
ity of individuals homozygous for these very same chromosomes does not increase, 
or does so at a rate less than that of heterozygotes. Consequently, we find that the 
curve representing the relationship between the viabilities of homozygotes (as meas- 
ured in replicate cultures) and heterozygotes is composed of a horizontal segment 
and a sharply upturned (perhaps vertical) terminal segment. In the case of both 
Drosophila melanogaster and D. pseudoobscura, the viability of heterozygotes rep- 
resented by the horizontal segment is greater than that observed among replicate 
cultures of the highest ordered homozygotes. 

The analysis described below utilizes replicate cultures in evaluating the viability 
effects of chromosomes in homozygous and heterozygous condition. In the present 
analysis, however, the initial ordering is that of heterozygotes. The question we 
pose is, then, “What kinds of homozygotes are obtained from wild-type chromo- 
somes that give heterozygotes of successively higher viabilities?”” The experimental 
technique presents us with an answer to another question as well. There are two 
classes of heterozygous individuals in each culture, either one of which ean be 
“ordered”’; thus, we can also ask, “What kinds of heterozygotes of one sort arise 





Vox, 49, 1968 GENETICS: B. WALLACE S03 


from chromosomes that give successively greater viabilities in heterozygotes of a 
different sort?” 

The material used in this study is that of Dobzhansky, Krimbas, and Krimbas.! 
It consists of about 1,000 second and third chromosomes of D. pseudoobscura from 
Texas and California tested generally in three replicate cultures at each of two tem- 
peratures, 16° and 25°. The statistical analysis was carried out entirely within a 
temperature, but with all other variables combined so that the results would be as 


general as possible. 

The test of viability used by Dobzhansky et al. is that involving two laboratory 
chromosomes marked with dominant genes, D; and Ds», giving four classes of flies 
in each test culture: D,/De, Dy’ +, De/+,and +/+. (The actual mutations used 
were Bare, Lobe, Blade Seute, and Delta.) The viability of the various classes 
of flies in each culture are measured relative to that of D,/D» which is arbitrarily 
assigned the value of unity. 

To analyze this material we have sorted cultures initially into ten classes on the 
basis of the viability exhibited by one of the heterozygous classes (D,/ +, for ex- 
ample), and then, under that ‘‘ordered”’ classification, we have noted the viabilities 
of D, + (‘“‘same”’ heterozygote), Ds’ + (“other’’ heterozygote), and +/+ (homozy- 
gote) of the two replicate cultures. Each of the heterozygous classes (D,/+ and 
D./+) served in turn as the basis for the initial, “ordered”’ classification (with 
“same” and “other”? heterozygotes reversed); furthermore, each of the replicate 
cultures was used in turn as the basis for the “ordered” classification. 

The results of this analysis are given in Table 1. In the leftmost column are 
listed the classes into which the heterozygotes were ordered. ‘To the right of this 
column are three others that give the average viabilities observed in replicate cul- 
tures for heterozygotes that were of the same genotype as those ordered (“‘same’’), 
heterozygotes that were of the other genotype (‘‘other’’), and wild-type homozy- 
gotes. The rightmost column gives the number of entries upon which each value 
is based; the sum of these, of course, is roughly twice the actual number of cultures, 
since in most cases each ordered culture called for the entry of data from two repli- 
rate cultures. 

The first point to emerge from Table 1 (see Fig. 1) is the linear relationship be- 
tween the viability of the “ordered” heterozygote and the “same’’ heterozygote in 
replicate cultures. This linearity is precisely what was not observed in a com- 
parable analysis of homozygotes; in the latter case the curve deviates quickly from 
linearity and becomes horizontal (Wallace and Dobzhansky’*). 


TABLE 1 


COMPARISON OF THE VIABILITIES OF ORDERED HETEROZYGOTES WITH VIABILITIES OF THE SAME 
HETEROZYGOTES, OTHER HETEROZYGOTES, AND WILD-TYPE HOMOZYGOTES IN REPLICATE CULTURES 
Ordered Same Other Homo. n 
<0.69 1.026 O75 .734 536 
70-0 ..89 1.043 067 748 1857 
90-1 .09 1.090 .102 810 3197 
10-1 .29 1.130 120 806 2399 
380-1 .49 1.205 _182 848 1286 
0-1 .69 1.267 254 889 642 
70-189 1.321 246 946 289 
90-209 1.379 320 990 175 
10-2.29 1.444 102 824 &2 
2 304 1.615 O17 O15 113 
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Fic. 1.—The relation between the viability of identical types 
of heterozygous flies in (1) cultures grouped into 10 classes 
according to increasing viabilities of these flies, and (2) replicate 
cultures of those initially grouped. (The rather sharp — 
of the curve at its rightmost end indicates that 2.40 is lower 
than the true average viability of flies in this class, 2.30 *.) 
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Since strict comparabil- 
ity does not exist between 
the ordered viabilities (left- 
most column) and the 
others, but does exist be- 
tween the viabilities of 
heterozygotes and homozy- 
gotes observed in replicate 
cultures, viabilities of the 
“same” heterozygotes in 
replicate cultures have 
been used as the horizontal 
axis in depicting the rela- 


tionships between the vari- 
ous groups listed in Table 1 (see Fig. 2). In Figure 2 we have drawn a line with 
slope | through the point (1,1); this line represents the viability of “‘same’’ heter- 
ozygotes plotted on both axes; in effect, this is the same line as that of ligure 1. 
Since the horizontal axis of Figure 2 has been converted to values obtained from 
replicate cultures, the regression slope has changed from 0.272, a value of doubtful 
significance, to 1.000, the obviously correct value against which to make further 
comparisons. 


A second interesting relationship can be seen in Figure 2. Here we find evidence 


that the viability of heterozygotes is determined in part by factors specific for each 


heterozygous combination itself. Thus, for the lowest viabilities of the ‘same” 
heterozygotes, that of “other” heterozygotes is somewhat higher; at slightly higher 
viabilities of the ‘“‘same’’ heterozygotes, that of the “‘other’’ heterozygotes is some- 
what lower. The curve for “other” heterozygotes 
then appears to become parallel to the line of slope 
1 representing the “same” heterozygotes. Thus, in 
the upper end of the viability distribution, the aver- 
age increase in viability of heterozygotes caused by 
one batch of wild-type chromosomes relative to an- 
other batch is the same for different types of hetero- 
zygotes. Both batches of wild-type chromosomes 
confer somewhat higher viabilities on those hetero- 
zygotes originally scored (‘‘ordered’’) than they do on 
the second class of heterozygotes. 

Another point of interest is the average viability 
of individuals homozygous for wild-type chromo- 
somes that give heterozygotes of various viabilities. 
At the lower end of the viability scale there is a good 
correlation between the mean viability of homozy- 
gotes and of heterozygotes. The observed correla- 
tion does not extend into the higher viability ranges. 
This last point appears in Table 1 only by virtue of 
the final two values in the column labeled “Homo.” 
In Table 2 a more detailed analysis of the higher 
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Fic. 2.—The relation between 
the viability of heterozygous 
flies (‘‘same’ heterozygotes) in 
replicate cultures and that of 
“other” heterozygotes and 
homozygotes also developing in 
these cultures. 
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“ordered”’ viabilities has been made; it is quite apparent that an orderly increase 
in the viability of homozygotes ceases when that of the “same” heterozygotes is 
about 1.35-1.40. Within the range where the viabilities of homozygotes and 
“‘same”’ heterozygotes are correlated, the slope of the regression of homozygotes on 
heterozygotes is considerably less than 1.000 (b = 0.683, s, = 0.037). Sucees- 
sive batches of chromosomes characterized by increasing viabilities of their hetero- 
zygous carriers do not make corresponding contributions to the viabilities of their 


homozygous carriers. 


TABLE 2 
A DeraiLep ANALYSIS OF ORDERED CULTURES WITH VIABILITIES EXCEEDING 1.70 


Ordered Same Other Homo. 
1.70-1.79 ! 1.205 0.933 
1. SO-1.S9 l 1.204 0.961 
190-1 .99 ] . 208 1.243 0.900 
2.00-2.09 1.461 1.388 1.071 

10-2.19 1.549 1.543 0.804 

l l 
] ] 
] ] 


AGT 


R46) 


) 

220-2 .29 339 262 0.843 
2 30-2.39 495 465 1.008 
2.404 .679 DAS 1.018 


te to to bo 


The wild-type chromosomes of this study can be divided arbitrarily ito lethals 
(viability less than 0.20) and nonlethals (viability 0.20 or more). In Table 3 is 
listed the frequency of lethals among chromosomes giving ordered heterozygotes of 
various viabilities; there is a suggestion in this material that lethals are associated 
with heterozygotes of low viability (slope of the regression of lethal frequency on 
viability of “‘same” heterozygotes, —0.100, is significant at the 10% level). Table 
4 gives the mean viability of flies homozygous for the nonlethal chromosomes found 
in each of the viability classes of ordered heterozygotes; the regression of these 
viabilities on those of the “same” heterozygotes is 0.380. 


TABLE 3 TABLE 4 
FREQUENCY OF LETHALS AND NEAR-LETHAL MEAN VIABILITY OF NONLETHAL WILD-TYPE 
WiLp-TyPpE CHROMOSOMES FOUND AMONG CHROMOSOMES WHICH GIVE HETEROZYGOTES 
THose Givinc HETEROZYGOTES OF OF DIFFERENT VIABILITIES 
DirFERENT VIABILITIES Oidaved Nonlethal 
Viability of Per cent heterozygotes homozygotes 
ordered heterozygotes lethals <0.69 S86 + 0.016 
<0.69 i ee 0.70-0.89 933 + 0.009 
TO). 89 20.1 0.90-1.09 .967 + 0.007 
90-1 .09 16.8 .10-1.29 .973 + 0.008 
10-1. 29 17.6 .30-1.49 004 + 0.012 
.30-1.49 16.2 .50-1.69 035 + 0.016 
50-1.69 14.3 70-1 .89 .058 + 0.026 
.70-1.89 11.4 90-2 .09 093 + 0.033 
90-2. 09 10.3 2.10-2.29 001 + 0.050 
2.10-2.29 ie.) 2.30+ .165 + 0.045 
380+ 13.3 


Discussion and Summary.—The purpose of this report has been to apply a variant 
of a technique described earlier by Wallace and Dobzhansky? to analyze the effects 
of chromosomes on the viabilities of their carriers. The technique utilizes replicate 
cultures. Earlier analyses classified chromosomes according to their effect on the 
viability of homozygous individuals and then determined the viability effects of 
these same chromosomes in heterozygous individuals. The present study reverses 
this procedure: chromosomes have been ordered according to their effects on the 
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viability of heterozygous carriers; the viability effects of these same chromosomes 
in homozygotes has then been determined. 

Perhaps the main results of the analysis are the simple relationships revealed 
by the experimental data. Chromosomes that confer high viability in one hetero- 
zygous combination do so in another as well. In the higher viability range the 
difference in contribution to viability made by two batches of chromosomes is the 
same for different heterozygous combinations. At lower viabilities it appears that 
chromosomes that are deleterious in one heterozygous combination are not quite as 
deleterious in a second combination; low viability results, in part at least, from spe- 
cific chromosomal combinations. Finally, it appears that batches of chromosomes 
that give successively higher viabilities in heterozygous combinations do not give 
comparable increases in viability to their homozygous carriers. Thus, in contrast 
to the relation between “same” and “other’’ heterozygotes, the slope of the regres- 
sion of homozygotes on “same’’ heterozygotes is much less than 1.000; indeed, in 
the upper viability range the correlation between homozygotes and ‘same’’ hetero- 
zygotes disappears completely. 


* Contribution No. 437, Department of Plant Breeding, Cornell University. This paper was 
prepared while the author held contract No. AT-(30-1)-2139, U.S. Atomie Energy Commission. 
The experimental data are those of Dobzhansky, Krimbas, and Krimbas;! the permission of these 
authors to use their data is gratefully acknowledged. 

1 Dobzhansky, Th., C. Krimbas, and M. G. Krimbas, Genetics, 45, 741-753 (1960). 

? Hiraizumi, Y., and J. F. Crow, Genetics, 45, 1071-1083 (1960). 

3 Wallace, B., and Th. Dobzhansky, Genetics, 47, 1027-1042 (1962). 

4 Parsons, P. A., and W. F. Bodmer, Nature, 190, 7-12 (1961). 

5 Wallace, B., J. Genet., 54, 280-293 (1956). 


SEQUENTIAL REPLICATION OF THE BACILLUS SUBTILIS 
CHROMOSOME, IT. ISOTOPIC TRANSFER EXPERIMENTS*, 4 


By Htrosu!t YOSHIKAWA AND NOBORU SUEOKA 
DEPARTMENT OF BIOLOGY, PRINCETON UNIVERSITY 
Communicated by Paul Doty, April 25, 1963 


In the previous report,! we presented evidence for the sequential replication of 
the chromosome in Bacillus subtilis. The experiments were based on the com- 
parison of marker frequencies in DNA preparations from the exponential and 
stationary growth phases. The results indicated that the chromosome replicates 
sequentially from one end (the origin) to the other (the terminus), and that the 
adenineless (ade) marker occupies the chromosome region close to the origin while 
the methionineless (met) and isoleucineless (z/lew) markers occupy the region close 
to the terminus. 

This paper will report results of a different experimental approach designed to 
test the validity of the above-mentioned replication model of the B. subtilis chro- 
mosome. A part of this work has been reported briefly.2. The experiments were 
based on the isotopic transfer of cells from a heavy (D2,O-N") medium to a light 
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(H.O-N'*) medium, and on measurements of rates of conversion of various markers 
from heavy (parental) into intermediate (hybrid) DNA molecules. The results 
are in agreement with the preceding report.! Thus, the ade marker is the first 
marker to be replicated, and met and dleu are the last. The results also indicate 
that cells in the exponential growth phase have a longer resting period of DNA 
synthesis in a deuterium medium than in the ordinary medium. 


Materials and Methods.—Strains: A wild-type strain W23 originally derived from a Marburg 
strain’ was used as the DNA donor strain. Auxotrophic mutants used as recipient strains were 
obtained? by an ultraviolet-penicillin method®. § from a wild-type derivative of strain 168 of 
Burkholder and Giles.? Only mutants with low reversion frequencies (less than 10~7) were used. 

Transfer experiments: The heavy medium was prepared by first drying the following mixture: 
100 mg of NHC] (95.207, N©, Isomet Corporation, Palisades Park, N. J.); 700 mg K2:HPO,; 300 
mg KH2PO,; 200 mg Na;-citrate-2H2O; 20 mg MgSO,47H,0, and 0.16 ml of glycerol in vacuo for 24 
hr. The dried mixture was dissolved in 100 ml of 99.70; D2O (General Dynamics Corporation, 
San Carlos, Calif.), and sterilized by filtration through a Millipore filter (pore size 0.45 w). The 
light medium consisted of: 1 gm of N'4H,Cl; 700 mg of KzZHPO,; 300 mg of KH,PO,; 200 mg of 
Na;-citrate 2H,O; 20 mg MgSO,7H.O; 10 ug/ml each of adenine, guanine, cytosine, and thy- 
mine; 100 ml of HO. The mixture was sterilized by autoclave, and 1 ml of 50°) (w/v) sterilized 
glucose solution was added (final concentration 0.5% ). 

P8*-phosphate in dilute acid was neutralized, dried tn vacuo, and added to both the heavy and 
light media to a final concentration of 0.2 mce/ml. The specific activity of DNA should have been 
3 X 10° dpm per mg. 

Conditioning of the W23 strain to the heavy medium:? A 24 hr culture in light medium was 
transferred sequentially into 50°(, then 75, 85, 99.7, and again 99.707, of a DxO medium which had 
the same composition as the heavy medium without the P**. A transfer was effected by dilution 
of a 0.1 ml aliquot into 1 ml of the next medium, and each transfer was made when a definite cell 
growth could be seen. Cells were grown at 37°C with constant shaking. Cells grown in the sec- 
ond 99.7 DO medium were inoculated on a heavy agar slant (heavy medium plus 2% agar) and 
kept at 37°C. Cells were transferred to a fresh slant every week. Cells grown on this agar slant 
were used for the experiment by inoculating them directly to the P**-heavy liquid medium. 

Fractionation of DNA: Samples (5-10 ml or 5 X 10° to 10° cells) were taken at various times. 
Immediately after sampling, the sample was heated at 60°C for 10 min, centrifuged, and cells 
were suspended in | ml saline-versene (0.15.14 NaCl plus 0.1. versene, pH 8.0), and incubated with 
1 mg/ml egg white lysozyme at 37°C for 15 min. Lysis was completed by adding duponol (2% 
final concentration). 0.5 ml of the lysate was mixed with 4.76 gm CsCl and 3.24 ml tris-versene 
buffer (0.01 MW Tris hydroxymethylaminomethane and 0.001 M versene, pH 8.4). The mixture 
was centrifuged at 35,000 rpm for 40 hr at 25°C in a Spinco SW 39 rotor. Single drops were col- 
lected in sterilized tubes from the bottom of the centrifuge tube through which a hole had been 
pierced. The dripping rate was adjusted by hydropressure to about a drop in two sec. The total 
number of drops collected was 110-130 drops per centrifuge tube. Each fraction was diluted im- 
mediately with | ml of sterile saline citrate solution (0.15 M NaCl and 0.015 M Na citrate), and 
stored at 4°C. 

Transformation: Transforming activities were assayed according to a modified method‘ of 
Anagnostopoulos and Spizizen.* 

P*-radioactivity: To an aliquot of each fraction, 3 drops of 0.5% ¢ solution of salmon sperm DNA 
and 5 ml of 10°; trichloroacetic acid were added. The precipitate was collected on an ( A-Coarse) 
S&S membrane filter and the radioactivity measured by a liquid scintillation technique. 

Experiment 1.—Isotopic transfer of stationary cells: In our previous work,! 
various markers were shown to be equally frequent in the stationary phase of B. 
subtilis W23, indicating that the chromosome was in the completed (nonreplicating) 
form. When stationary cells are suspended in a fresh medium, the chromosomes 
should start replicating synchronously from the origin. Therefore, if we transfer 
the cells which have reached the stationary phase in a heavy (D.O-N) medium 
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to a light fresh medium, the markers should be transferred to the hybrid DNA 
molecules? in the order of their replication. 

The plan for such an experiment is shown in Figure 1. The DNA donor strain 
(W23) was grown in a heavy-P*? medium (see A/aterials and Methods) for about 


32P 

0,0,'5N od H20,'4N Fic. 1.-Experiment 1: 

Isotopic transfer of stationary 
cells. The DNA donor strain 
(W23) of B. subtilis was 
brought to the stationary 
phase in 20 ml of D.,O-N®- 
P32 medium. Cells were 
collected by centrifugation 
and resuspended in 60 ml of a 
fresh H.O-N'*-P3?_ medium. 
Specific radioactivity of *P 
is the same in the D,O-N" 
and the H.O-N' media. 
Seven samples of 5-10 ml 
were taken at different times 
after the transfer. Cells were 
centrifuged, suspended in a 
versene saline solution, and 
their lysates prepared im- 
mediately after sampling. 
Increase of DNA after the 
transfer was calculated from 
the relative amount of hybrid 
DNA observed in the profiles 
obtained by the CsCl density 
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10 generations and brought to a stationary phase. Cells were then transferred 
to the light-P*? medium. Samples were taken at O, !/3, 2/3, and 1 generations, 
judged by the optical density of the culture. There was no lag of growth, measured 
by the optical density of the culture. Cell lysates were prepared according to the 
method described in the previous section and centrifuged in a CsCl solution, thereby 
securing profiles of P*? radioactivity and transforming activities of the various 
markers. In contrast to the optical density increase, there is a definite lag in the 
DNA synthesis after the transfer (Fig. 1). One sample (sample No. 5 in Fig. 2) 
was obtained in which both parental and hybrid DNA molecules could be analyzed 
for transforming markers. The result is shown in Figure 3 and Table 1. The 
main sequence of the transfer of the various markers completely agrees with the 
results obtained previously. One fact, however, should be noted: about 20% 
of the activities of the terminal markers, met and zleu, were found also in the hybrid 
DNA peak (Table 1). This would indicate that some chromosomes at the sta- 
tionary phase in the heavy medium were not in a complete form of replication at 
the time of transfer. When the cells harboring incompletely replicated chro- 
mosomes were transferred to the fresh light medium, markers located in the un- 
replicated region of these chromosomes would replicate earlier than the ade marker 
and be found in the hybrid DNA. The results of Table 1 indicate that these in- 
complete chromosomes occupy approximately 20% of the total number of chro- 
mosomes at the time of transfer. 
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Fig. 2.—Experiment 1; Distribution of DNA in CsCl density gradient centrifugation. Lysates 
of cells wpiooepe from samples in Experiment | (Fig. 1) were mixed with CsCl (final concentration 
545 weight per cent), centrifuged in a Spinco SW 39 rotor, and fractionated as described in 
Methods. Samples 2 and 3 gave profiles similar to that of sample | (see Fig. 1) and were therefore 
omitted. Abscissae of the graphs are located so that the positions of the heavy, hybrid, and light 
peaks in the different profiles will match. 
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Fig. 3.—Exrperiment 1; Analysis of sample 
5 for transforming activities. Sample 5 (see 
Figs. 1 and 2) was analyzed for transforming 
activities of the various markers. The P* 
radioactive profile is the same as that in Fig. 
2, except that the base line radioactivity was 
subtracted. The recipient strains used are 
three triple mutants, MuSu5u6 (leu-met-ade), 
Mu&u5u5 (leu-met-thr), and Mu8u5u2 (leu- 
met-his). The markers leu and met come 
from a common origin (Mu8u5). One twen- 
tieth of the DNA of each sample was used 
OROP NUMBER for the transformation of one marker, and the 
amounts of DNA used in all fractions were within a range of linear transforming activity. When 
the leu-met-ade mutant was used as the recipient, 100 ug/ml of adenine was added to the second 
growth medium! for transformation. This gives a maximum efficiency of transformation for the 
adenine marker. 


RECIPIENT: leu -met-tis 


NO OF TRANSFORMANTS 


Experiment 2.—Isotopic transfer of exponentially growing cells: No replication 
synchrony of chromosomes should occur after the transfer of exponentially growing 
cells from the heavy medium to the light fresh medium, unless the fraction of the 
resting period within a generation is larger in the heavy medium than in the light 
medium. Without synchronization of chromosomal replication, there should be 
no difference in the rates of marker transfer from heavy (parental) DNA to hybrid 
DNA among the different markers, even if the chromosome replicates in sequential 
order. The results of the following experiment show that a partial synchroniza- 
tion occurs, thus most likely indicating a relatively longer resting period in the 
heavy medium. 
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TABLE 1 


PosITION OF MARKERS ON THE CHROMOSOME AND TRANSFORMING ACTIVITIES IN PARENTAL (HEAVY) 
AND Hysprip DNA (EXPERIMENT 1)? 
Ratio of Transforming Activity of 
Position on Hybrid DNA to that of Parental DNA 
chromosome Recipient A Recipient B Recipient C 
Markers (X)o (leu-met-ade) (leu-met-thr) (leu-met-his) Average 


ade 0 1.49 ie 1.49 
thr 0.26 or 0.56 e 0.56 
his 0.52 0.31 0.31 
leu 0.67 0.29 0.21 0.28 0.26 
met 1.00 0.26 0.19 0.21 0.22 


* Calculated from Fig. 3. 
> Relative positions of markers on the chromosome reported in the previous paper.! 
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Fic. 4.—Exrperiment 2: 
Isotopic transfer of exponen- 
tially growing cells. The 
DNA donor strain (W23) of 
the B. subtilis previously 
adapted to the DeO medium 
was grown exponentially in 
20 ml of a D.O-N%-Ps? 
medium. A 5 ml sample 
(41) was taken, cells were 
collected from the rest of the 
culture by centrifugation, and 
resuspended in 30 ml of a 
fresh H.O-N'-P8?) medium. 
The succeeding samples of 
10, 10, and 8.5 ml were 
taken at different times after 
the transfer. The increase 
of DNA after transfer was 
calculated from DNA profiles 
obtained by CsCl density 
gradient centrifugation, as 
shown in Fig. 5. 
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The plan of the experiment is shown in Figure 4. The DNA donor strain (W23) 
was grown exponentially for about 10 generations in the heavy-P** medium before 
being transferred to the light-P*2 medium. No lag of growth was indicated by the 
optical density of the culture and the growth rate was approximately doubled 
(generation time 2 hr) after the transfer. Cell samples were taken at 0, 1/3, 7/3. 
and 1 generations after the transfer, and cell lysates were prepared. 

Results of the CsCl centrifugation are presented in Figures 5 and 6. The DNA 
profile in the CsCl gradient (Fig. 5) shows that the mode of DNA replication is 
the same as that for FE. coli as reported by Meselson and Stahl.° Contrary to the 
transfer from the stationary phase (Experiment 1), the DNA synthesis does not 
show any lag after the transfer (Fig. 4), and the isotopic transfer is complete, in- 
dicating an absence of an appreciable pool of heavy DNA precursors. 

The transforming activity of each fraction was assayed for various markers 
using multiple mutants as recipients. Typical results are shown in Figure 6 and 
Table 2. Different markers behave differently in the rate of transfer from the 
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TABLE 2 


PostItTION OF MARKERS ON THE CHROMOSOME AND SPECIFIC TRANSFORMING ACTIVITIES IN PARENTAL 
(Heavy) AND Hysprip DNA (EXPERIMENT 2) 
Position on Average hp? 
Markers chromosome (X)* 0.3 generation 0.6 generation 
ade 0 1.47 1.02 
thr 0.26 0.94 0.96 
tyr 0.52 0.47 0. 65° 
his 0.52 0.438 0.60 
leu 0.67 0.60 0.91 
phe 0.94 0. 66° 1.12¢ 
lys 0.98 0.53 0.88 
met 1.00 0.73 0.46 
ileu 1.00 0.74 0.46 


@ Relative position of markers on the chromosome reported in the previous report.! 

>» The specific transforming activity of a marker in the hybrid DNA is A and in the parental DNA p. These spe- 
cific transforming activities were calculated by dividing the sum of the activity of a marker in the hybrid region 
and that in the parental region by the total P*? activities in the respective regions. 

¢ These values are obtained by taking three samples from each peak. 
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Fic. 5.—Experiment 2: Distribution of DNA in CsCl density gradient centrifugation. Lysates 
of cells prepared from samples in Experiment 2 (Fig. 4) were fractionated by the CsCl density 
gradient centrifugation technique described in the legend of Fig. 2. Abscissae of the graphs are 
located so that positions of the heavy, hybrid, and light peaks in the different profiles will match. 


parental to the hybrid peak. Again ade is transferred first, and thr second, to 
the hybrid DNA, but in this case markers in the middle and terminal regions of 
the chromosome are transferred to the hybrid DNA more rapidly and irregularly 
than in Experiment 1. 

The nonuniformity of the rates of the marker transfer from heavy to hybrid DNA 
observed in Experiment 2 suggests the presence of a resting period in the D,O 
medium. This has been confirmed by using the previously described mapping 
method.! The ratio of the two extreme markers (ade/met) in DNA from ex- 
ponentially growing cells in D.O is 1.42 (Table 3). In contrast, the ratio is 2 for 
the ordinary H.O medium. 

Discussion.—The present results support the model of chromosome replication 
of B. subtilis (W23) proposed in the previous report.!. The sequence of marker 
replication reported in Experiment 1 agrees completely with the earlier results 
(Table 1). 
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Fia. 6.—Experiment 2: Analysis of samples 2 and 3 for transforming activities. Samples 2 and 
3 (see Figs. 4 and 5) were analyzed for various markers by a method similar to that deseribed in 
the legend of Fig. 3. The P* radioactive profiles are the same as those in Fig. 5, except that the 
base line radioactivities were subtracted. The ordinate for the transformation profile of each 
marker is adjusted so that the transforming activities of the three markers in the parental DNA 
peak (left) are made similar. This makes a better comparison of the activities in the hybrid 
DNA peak (right). 


The results of Experiment 2 are somewhat more complex in that the synchroniza- 
tion of chromosome replication is much less complete. The order of the transfer 
of markers from the heavy DNA to the hybrid DNA is not as simple as in Experi- 
ment 1, except that the markers toward the origin of replication (ade and thr) are 
transferred to the hybrid DNA faster than the other markers. The behavior of 
other markers in Experiment 2 cannot be explained quantitatively on the basis 
of the chromosome replication model, because of the complexity of the situation. 
However, the results raise some interesting points. An estimate of the resting 
period within a generation time can be obtained from the ade/met ratio found in 
the DNA sample from exponentially growing cells in the D,O-medium.” Thus, 
the value 1.42 (Table 3) indicates that 48 per cent of the generation time is spent 


TABLE 3 
Errect oF DEUTERIUM ON THE CHROMOSOME REPLICATION OF B. subtilis W23¢ 


Generation 
time of 
Condition of exponential Phase of DNA 
growth phase isolation ade / met leu/ met 

Ordinary medium 40 min {Stationary [1.00] {1.00}? 

(Exponential 2.0 1.25 

DO (99.7°%) medium 270 min j Stationary 1.138 1.05 

( Exponential 1.42 1.09 
® B. subtilis W23 preadapted to the D2O medium was grown in the D2O medium and brought to the sta- 
tionary phase as shown in Fig. 1. Cell samples were taken from the exponential and stationary phases. 
Transforming activities for the ade, leu, and met markers were tested using a recipient strain (leu-met-ade, 
Mu8u5u6). DNA samples of the W23 strain grown in the ordinary H:O medium were tested simulta- 


neously. 
> The ratio of ade or leu transformants to met transformants for the ordinary DNA was taken as 1 (stand- 


ardization). 


as the resting period. This means that, at the time of the isotopic transfer in 
Experiment 2, about 50 per cent of the cells had resting chromosomes. When 
the culture is switched to the ordinary medium, these resting chromosomes should 
start replicating more or less synchronously. The population as a whole therefore 
will have partial synchrony of chromosomal replication. The presence of a rel- 





Vor. 49, 1963 GENETICS: YOSHIKAWA AND SUEOKA 813 


atively longer resting period of chromosome replication in the D.oO-medium may 


indicate that the synthesis of some component of cells other than the chromosome 
isa limiting factor in cell division in the heavy medium. 

On the other hand, in Experiment 1 the ade/met ratio was 1.13 at the time of 
the transfer (Table 3), indicating that about 80 per cent of the chromosomes 
were in completed form. This made a better synchrony of chromosome replica- 
tion and gave a clearer picture of the sequence of marker replication. 

The considerable lag of DNA synthesis and the absence of a lag in the increase 
of the cell mass after transfer in Experiment 1 (Fig. 1) may indicate either that 
protein synthesis is required before a new cycle of DNA synthesis is initiated, or 
that there is a pool of heavy DNA precursors which is incorporated into the DNA 
before the synthesis of light precursors takes over. Further analysis of DNA 
samples of Experiment 1, which will be reported elsewhere,‘ favors the latter 
possibility. Thus, the situation seems to be different from the cases where amino 
acid deprivation was released from auxotrophic mutants. !*: ' 

Summary.—An oriented replication of the B. subtilis chromosome is unequivocally 
demonstrated by isotopic transfer experiments, in which the DNA donor strain 
(W23) grown in a heavy (D.O-N') medium was transferred to a light (H,O-N'") 
medium. The transfer was made from the stationary growth phase (Experiment 1) 
or from the exponential growth phase (Experiment 2). In Experiment 1, chro- 
mosomes replicate nearly synchronously and markers are transferred sequentially 
from parental DNA to hybrid DNA after the isotopic transfer of the cells. The 
order of the marker transfer is the same as reported previously. In Experiment 2, 
the marker transfer is not regular, except that the markers close to the replication 
origin of the chromosome are transferred early. This indicates that only a partial 
synchrony has been obtained. Experiment 2 suggests that there is a longer resting 
period of chromosome replication in a DeO medium than in the ordinary medium. 
In exponentially growing cells in a D.O medium, the presence of a resting period 
occupying one half of the generation time was indicated from the frequency ratio 
of two extreme markers, adenineless and methionineless. 


* This work was supported by research grants from the National Science Foundation (GB-39 
and GB-577). 

t The abbreviations, ade, his, tleu, leu, lys, met, phe, thr, and tyr were used for mutants requiring 
adenine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, and tyrosine, 
respectively. 
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ON CURVATURE AND EULER-POINCARE CHARACTERISTIC 
By R. L. Bishop anv 8. I. GotpBere* 
UNIVERSITY OF ILLINOIS 
Communicated by S. Bochner, April 5, 1963 


1. Introduction.—Perhaps the most significant aspect of differential geometry 
is that which deals with the relationship between the curvature properties of a 
Riemannian manifold / and its topological structure. One of the beautiful 
results in this connection is the (generalized) Gauss-Bonnet theorem which relates 
the curvature of compact and oriented even dimensional manifolds with an im- 
portant topological invariant, viz., the Euler-Poincaré characteristic x(.V/) of M. 
In the 2-dimensional case, the sign of the Gaussian curvature determines the sign of 
x(./). Moreover, if the Gaussian curvature vanishes identically, so does x(J/). 
In higher dimensions, the Gauss-Bonnet formula is not so simple, and one is led 
to the following important 

Question: Does a compact and oriented Riemannian manifold of even dimension 
n = 2m whose sectional curvatures are all nonnegative have nonnegative Euler-Poincaré 
characteristic, and if the sectional curvatures are nonpositive, is (—1)"x(M) 2 0? 

H. Samelson’ has verified this for homogeneous spaces of compact Lie groups 
with the bi-invariant metric. Unfortunately, however, a proof employing the 
Gauss-Bonnet formula is lacking. An examination of the Gauss-Bonnet integrand 
at one point of 7 leads one to an extremely difficult algebraic problem which 
has been resolved in dimension 4 by J. Milnor: 

THEOREM 1. A compact and oriented Riemannian manifold of dimension 4 whose 
sectional curvatures are all nonnegative or all nonpositive has nonnegative Euler- 
Poincaré characteristic. If the sectional curvatures are always positive or always 
negative, the Euler-Poincaré characteristic ts positive. 

A subsequent proof was provided by 8.-S. Chern.‘ A new and perhaps clearer 
version indicating some promise for the higher dimensional cases is presented. 
This proof is not essentially different from the one given in reference 4. An applica- 
tion of our method yields” 

THEOREM 2. Jn order that a 4-dimensional compact and orientable manifold M 
carry an Einstein metric, t.e., a Riemannian metric of constant Ricci or mean curvature 
R, it is necessary that its Euler-Poincaré characteristic be nonnegative. 

This generalizes a result due to H. Guggenheimer.® 

Applying a standard minimization technique, one obtains 

Corouuary. If V ts the volume of M, 


VR? 


(M) 2 ; 
Mn 127° 


equality holding, if and only if M has constant curvature. 

Theorem 2 is improved by relaxing the restriction on the Ricci curvature. 

As a first step to the general case, it is natural to consider manifolds with specific 
curvature properties. A large class of such spaces is afforded by those complex 
manifolds having the Kaehler property. For this reason, the curvature properties 
of Kaehler manifolds are examined. We are especially interested in the relationship 
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between the holomorphic and nonholomorphie sectional curvatures. In particular, 
sharper bounds on curvature than those given by M. Berger! are obtained.  Mil- 
nor’s result is also partially improved by restricting the hypothesis to the holo- 
morphie sectional curvatures. Indeed, the following theorem is proved: 

THrorem 3. A compact Kaehler manifold of dimension 4 whose holomorphic 
sectional curvatures are all nonnegative or all nonpositive has nonnegative Euler- 
Poincaré characteristic. If the holomorphic sectional curvatures are always positive or 
always negative, the EKuler-Poincaré characteristic is positive. 

This verifies geometrically, at least for n = 4, the main result (Theorem 8) in a 
paper due to 8. Bochner.® 

Assume that the metric of the Kaehler manifold 1/7 has been normalized so that 
every holomorphic sectional curvature H(X) satisfies \ S H(X) S 1. The mani- 
fold is then said to be \-holomorphically pinched." ° 

By applying an extension of the technique used to obtain Theorem 1, together 
with a standard maximization method, an upper bound for x(.J/) is obtained in 
terms of the volume and the maximum absolute value of holomorphic curvature of 
M. 

THeoreM 4. Let M be a compact 4-dimensional Kaehler manifold, L the maximum 
absolute value of holomorphic curvature, and (1 — X)L the variation (maximum minus 


minimum) of holomorphic curvature. Then, 


1 
x(M) S 9, GM — 4d + ALY. 
2 


More important, an upper bound may be obtained in terms of curvature alone 
when holomorphic curvature is strictly positive. The technique employed to 
yield this bound also gives a known bound for the diameter of 7.''* Indeed, a 
bound B on the Jacobian of the exponential map is first obtamed by employing 
various facts about the exponential map, Jacobi fields, and 2nd variation of are 
length. The bound on volume is then derived by integrating B on the interior of a 
sphere of radius 7/+/ X in the tangent space. 

In particular, if dim 17 = n ¥ 10, 


2a” ad _ (n — 2)(8A —1) , 
< ~ z~? sm z exp | — x? | de, 
(m — 1)!\”" Jo 48d 


where m = dime. Applying Theorem 4, we find an upper bound for the Euler- 
Poincaré characteristic of a complete 4-dimensional \-holomorphically pinched 
Kaehler manifold with \ > 0, 


342 — 444+ 4 " ; 3\ —- 1 
x(M) s ha? + f x? sin x exp (- OAD “) dx. 


These bounds may be substantially improved by employing the methods of the 
calculus of variations. 

The technique for estimating volume may be applied to the Riemannian case, ob- 
taining an inequality V < o(n, D, R/(n — 1)), where o(n, D, K) is the volume of a 
ball of radius D in the n-dimensional space-form of curvature K, D is the diameter 
of M, and R is a lower bound for the Ricci curvature of M. This generalizes the 
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principal result of M. Berger® on 6-pinched manifolds, the latter being obtained by 
letting R = (n ~ Léand D = x V5 in our inequality. The improvement comes 
from generalizing Rauch’s theorem so as to estimate directly lengths of Grassman 
(n - 1)-veetors mapped by exp rather than from using Rauch’s estimate of lengths 
of vectors to estimate lengths of (n — 1)-vectors, as M. Berger does. 

Let M be a Kaehler manifold with almost complex structure tensor J. Let G?,,, 
denote the Grassman manifold of 2-dimensional subspaces of 7p — the tangent 
space at Pe M/ and consider the subset 


» vo | 
H? p> = foe G?,,piJo = oor JoLo}. 


The plane section ¢ is called holomorphic if Jo = o, and anti-holomorphic if Jo Lo 
i.e., if it has a basis Y,Y where X is perpendicular to both Y and JY. Let R(e) 
denote the curvature transformation associated with an orthonormal basis of ¢ 
and A(c) the sectional curvature at ce G?,, p. 

A Kaehler manifold is said to have the property (7) if, at each point of M, there 
exists an orthonormal holomorphic basis {X,} of the tangent space with respect 
to which 


(R,(o))? = —(K(o))*7 


for all sections ¢ = o(X,, Xg) where R,(c) denotes the restriction of R(c) to the 
section o, and J is the identity transformation (in other words, in the case where 
K(c) # 0, R,(c) defines a complex structure on ¢). 

The property (P) is preserved under Kaehlerian products. In particular, 
products of complex projective spaces satisfy this property. 

We shall prove 

THEOREM 5. Let M be a 6-dimensional compact Kaehler manifold having the 
property (P). If forall a = o(X,4, X3), K(o) 2 0, then x(M) 2 0, and if K(c) & 0, 
x(M) s 0. 

A similar statement is valid for manifolds of dimension 4k. A Kaehler manifold 
possessing the property (P) for all oe H*,,» has constant holomorphic curvature. 

A procedure is outlined by which a meaningful formula for the Gauss-Bonnet 
integrand can be found when n = 6. The formula obtained is then used to yield 

THEOREM 6. A dA-holomorphically pinched 6-dimensional complete Kaehler mani- 
fold, \ 2 2 — 2?/3(~0.42), having the property (P), has positive Euler-Poincaré charac- 
teristic. 

We note that the Ricci curvature is positive definite for this value of \, this being 
a consequence of a formula obtained relating curvature with holomorphic curvature. 

An obvious modification gives negative characteristic when the holomorphic 
curvatures lie between —1 and —2 + 2?/, 

An example based on the formula employed to give Theorem 6 shows that for a 
compact Kaehler manifold of dimension 2 6, it is not possible to prove, using only 
the algebra of the curvature tensor at a pomt, that nonnegative holomorphic curva- 
ture yields a nonnegative Gauss-Bonnet integrand. 

In fact, we are strongly of the opinion that the Question cannot be resolved in 
this manner. 

T. Frankel has conjectured that the compact Kaehler manifolds of strictly posi- 
tive curvature are topologically, and even analytically, the same as the complex 
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projective spaces. A. Andreotti and Frankel have already established this in 

dimension 4. In dimension 6, it is not yet known whether a compact Kaehler 

manifold of positive curvature is homologically complex projective space. 
Complete proofs and details will be presented elsewhere. 


* The research of this author was supported by the Air Force Office of Scientific Research. 
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SOME REMARKS ON AUTOMORPHISMS, ANALYTIC BUNDLES, 
AND EMBEDDINGS OF COMPLEX ALGEBRAIC VARIETIES 


By Puivurp A. GRirFItHs 
84 GYPSY LANE, BERKELEY, CALIFORNIA 
Communicated by D. C. Spencer, April 2, 1963 


1. Let X be a compact, connected complex manifold (nonsingular), let A(X) be 
the complex Lie group of analytic automorphisms of XY, and A°(X) = A the identity 
component of A(X). Furthermore, let k — E — X be an analytie vector bundle 
arising from an analytic principal bundle G — P — X by a linear action of the com- 
plex Lie group G on a complex vector space £. Let & be the sheaf of germs of holo- 
morphic cross sections of E; denote by 2 the sheaf associated to the trivial bundle, 
and by 6 the sheaf associated to the holomorphic tangent bundle Ty of X. Asso- 
ciated to G — P — X, we have the Atiyah sequence! O > L —~ Q— Ty — O and 
the corresponding sheaf sequence 


O>-L£>Q>0->0. (1) 


We record some interpretations of the groups arising from the exact cohomology 
sequence of (1). 

(i) H°(X,£) represents the infinitesimal bundle automorphisms of P which 
project to the trivial automorphism of X. 

(ii) H°(X,Q) gives the infinitesimal bundle automorphisms of P. 

(ili) H°(X, 0) = a represents the eomplex Lie algebra a of A. 
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(iv) In the sequence O — H°(Y,2) -~ H°(X,Q) > H°(X,0), all homomorphisms 
are Lie algebra homomorphisms. 

We now make one final observation. Let 8 — NX be a coherent free analytic 
sheaf, and let B C A be a subgroup whose action on X lifts to action in 8. Then B 
acts on the cohomology groups H“(X,8) (¢ = 0, 1, ...) and these groups are in 
fact finite dimensional B-modules. 

Definition 1: A bundle E — X is homogeneous with respect to a complex sub- 
group B C A if the action of B on X lifts to bundle action in E. 

This note is primarily concerned with some geometric interpretations of the 
representations defined above. 

2. Automorphisms and Deformations of Analytic Bundles.—We shall consider 
deformations, as defined in reference 5, of the analytic bundle G— P— NX; recall 
that the infinitesimal tangents to deformations are given as classes in H'(X,Q£). 
If we let G be the sheaf of germs of local holomorphic mappings of X into G, then 
the bundle P is uniquely prescribed by an element &» = &EH'(X,G). The Lie 
group A acts on H'(X,G), and an obvious class of deformations of G — P — X is 
given by considering the bundles a- EG H'(X,G) (aE A). These deformations are 
given infinitesimally as follows: 

Proposition 1. Let 6: H°(X,0) — H'(X,2) be the connecting homomorphism in 
the exact cohomology sequence of (1). Then the vectors in the subspace Im 6 CC 
H'(X,2) are all tangent to deformations of P, and, in fact, for 6 EH°(X,0), 6(6) is 
tangent to the family of bundles (exp t 6) > &. 

Proof: The proof is a straightforward local caleulation which we shall omit. 
However, we record three remarks: 

(i) Ker 6 C H°(X,0) is the complex subalgebra of a consisting of those infini- 
tesimal automorphisms of Y which lift to action in P. 

(ii) WG = e*(G = 0*), then £ = Q and the deformations of P are locally para- 
metrized by H'(X,Q). If X is Kahlerian, then we have an exact sequence 

P oe 
0 — H(X,Z) > HT*(a0,0) > AYS,2*) ————> - HAS,Z) 0 (2) 


and H'(%,Q)/pH'(X,Z) = & gives a global deformation space for any line bundle 
on X. (@ is the Picard variety of X.) 

Lemma 1. Jf X is KGhlerian, then A acts trivially on the groups H?(X,Q*). 

Proof: H(X,@) = Y H*(X,2°) (Q*° = sheaf of holomorphic q-forms on X) 

p+q=r 

and H?(X,Q% = H” “(X,@) under the Dolbeault isomorphism. If 7G H” "(X,e), 
then 7 is a global (p, g)—form with 0» = 0 = on. Let e€a and let £, = Lie 
derivative along 6. Then L4n = O2(6)n + 2(8)0n = O2(0)n. Thus, since X is 
Kiahlerian, £47 ~ 0 and this says that the infinitesimal representation of A on 
H”*(X,@) is trivial. (What we have done essentially is to observe that the action 
of any a@€A on X is homotopic to the identity.) 

Definition 2: For — © H'(X,G), we let Ag © A be the connected complex Lie 
group with complex Lie algebra a; = Ker(6). 

Remark: A; is the largest subgroup of A with respect to which P is homogeneous. 

We now write L(X) for H'(Y,0*); L(X) is the abelian group of line bundles on 
X, and we shall write the composition law additively. Define a mapping ':A — 
Hom(L(X),@) as follows: fora € A, & € L(X), F(a)é = a-é — &. 
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Proposition 2. (i) F(ajé € & and F(a)(—é + n) = Flayé + Flan. (ii) If X is 
Kahlerian, F(ab)t = F(a)é + F(b)E for ayb © A. 

Proof: In (2), F(ajé © H'(X, Q*) and 6(F(a)é) = b(a-& — &) = a-8(E) — 4(E) 
= (0. Alsoa-(& + 9) = a-& + a-y. Clearly (i) now follows. 

If now X is Kahlerian, then A acts trivially on H'(X,Q) (by the above remark). 
Hence, F(a)F(b)-¢ = Ofora,b € A, &e L(X). Thus, P(ajé + F(D)E = Fla) F (bE + 
F(ajé + F(b)E = F(a)(F(b)E + &) + F(b)E = ab-—§ — b-E + b-& — & = Fi(ab)é. 
QED. 

Assume now that Y is Kahlerian. lor fixed & € L(X), define a homomorphism 
F,:A > & by F(a) = F(a)é. Then we clearly have: 

Proposition 3. Ff; is holomorphic and Ker(F,) = Ag. 

Remark: The cohomology sequence of (1) for a line bundle & € L(X) is 


6 


> H°(X,Q:) 7 H°(X,0) > H'(X,Q) ->. (3) 


The mapping 6 is the infinitesimal form of F;, and Proposition 3 shows that 6 is an 
algebra homomorphism when we consider H'(X,Q) as an abelian Lie algebra. This 
can be proved directiy, and, as the proof may have some interest, we now give it. 

Proposition 4. Jn (3) above, 6[6,0’] = 0 for 6,0’ © H°(X,0), provided that X is 
Kiihlerian. 

Proof: Let » © H'(X,Q') represent, in the Dolbeault sense, the characteristic 
class of & © L(X) ({1]). An easy calculation shows that 6(@) = 7(@)w © H'(X,Q) 
where @ © H°(X,0) and 7(@)w is the tensor contraction of w by 6. Since A acts 
trivially on H'(X,Q), we then see that, if e’ © H°(X,0), Ly (i(@)w) = 0 in H'(X,Q), 
where Ly is the operation of taking the Lie derivative. (The operation Lg is the 
infinitesimal representation of A on H'(X,Q).) But 6[{6,e’] = 7({0,6’|)w = Lg(t(e’)w) 
— Lg(i(e)w) = Oin H(NX,Q). QED. 

3. Equivariant Embeddings of Complex Manifolds.—Let R, S be complex con- 
nected Lie groups, S a closed subgroup of 2, such that the coset space Y = R/Sisa 
compact simply connected algebraic variety. Let f:X — Y be a holomorphic 
mapping and ¢:B — RF a holomorphic homomorphism for some complex subgroup 
BCA. 

Definition 3: fis equivariant with respect to B if, for any x © X,b © B, f(b-x) = 
a(b) f(x). 

If the bundle E — X has the property that the global sections (/7°(.X,&)) generate 
the fibre E, for each « € X (that is to say, the linear system of the bundle E has no 
base points), then there is classically defined a mapping fy = {:X — Y where Y = 
R/S is a Grassmann variety. 

THEOREM. The mapping f is equivariant with respect to Ax(E = &) where 0: A; 
R = GL(H°(X,8)) is the induced representation on sheaf cohomology. If f is an em- 
bedding, then o is faithful, and the automorphism group A; is induced from those 
automorphisms acting in Y which leave f(X) invariant. The group A; is maximal 
with respect to this property, and the normal bundle N; to f(X) in Y is homogeneous 
with respect to A¢. 

The proof of this theorem is again fairly straightforward from the definitions, and, 
rather than go through the proof in detail, we shall describe some geometric corol- 
laries. 
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4. Some Applications. 

(1) Corotuary 1. Jf the vector bundle E — NX is ample and if H'(X,2) = 0 
(rigidity of P), then the automorphisms A of X are all induced by motions in the ambient 
space relative to the embedding defined by H°(X,8). 

(ii) Corotiary 2. Jf X C Py ts an algebraic variety in projective N-space, and if 
£ © L(X) ts the line bundle of a linear hyperplane section, then the group Az C A is 
faithfully represented as the largest subgroup of PG(N) (= projective group in N + 1 
variables) leaving X fixed. If X is regular, then Ag = A. In general there is an 
FE ny 


exact sequence of complex Lie groups 1 — A; > A _, T; — 1, where T; is a con- 
nected analytic group of translations of the Picard variety of X with Lie algebra 6(H° 
(X,0)) in (3). (Compare with reference 2, $3.) 

(iii) Let XY be a regular algebraic variety, and let f:X — Py be a projective 
embedding with normal bundle N,. If H'(X,,) = 0, then the Theorem on Com- 
pleteness of the Characteristic System given in reference 4 tells us that a neighbor- 
hood of the origin in H°(X,9y) parametrizes the local deformations of f(X) in Py. 
The bundle N; is defined by the exact sequence 


0 > Txx) > Te, |f (X) > N,— 0, 


and, if 
s = H°(Py,0p,), 


we have a diagram 


O — H°(X,0x) > H°(X,0p,|X) — H°(X,Ky) * H'\(X,0x) > (4) 


I ae 

Oo a => s 
Clearly, u:s/a — H°(X,3y) is an injection for suitable f, and 6-4 = 0. This 
says geometrically that the coset space S/A effectively parametrizes locally some of 
the variations of f(X) in Py. 

Now let » € H°(X, 3) and let X‘ = (|t] < «, Xy = f(X)) be a deformation of 
f(X) in Py with tangent ». Since A acts on Ny, it is represented by a homomor- 
phism ¢:A ~ GL(H°(X,%,)). On the subspace s/a of H°(X,9y), ¢ is just the adjoint 
representation of a on S/a. We have 

Proposition 5. In order that the subgroup A C S act on each of the submanifolds 
X,, tt ts necessary that a(a)n = n foralla € A. In particular, if n € s/a, then A 
does not act on the manifolds X;. 

Remarks: The proof is again by a straightforward calculation. This result may 
be used to give an extrinsic geometric proof of the rigidity of a class of algebraic 
varieties, including all rational homogeneous varieties. This will be carried out in 
reference 3. 
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Suppose X is a compact Hausdorff space and A an algebra of continuous complex- 
valued functions on Y which separates the points of X and contains the constant 
functions. If in addition A is complete with respect to some norm which is at 
least as large as the supremum norm on X, we will call A a function algebra on X. 
The spectrum (A), or maximal ideal space of A, is the set of all complex homomor- 
phisms of A. With an appropriate topology, 2(A) is itself a compact Hausdorff 
space in which X is homeomorphically embedded. Every semisimple commuta- 
tive Banach algebra with unit may be viewed as a function algebra on its maximal 
ideal space (ref. 3, chap. 4). A function f on X is locally in A if for each point x 
of X there is a neighborhood U of x and a function g in A such that f(y) = g(y) 
for each y in U. Call the algebra A a local algebra on X if every function on X 
which is locally in A isin A. It is easy to find function algebras which are not local 
on X if X is smaller than (A), e.g., the set of functions analytic in an annulus 
and continuous on the two bounding circles is a nonlocal algebra on the bounding 
circles; but it has been conjectured for some time (see, for example, ref. 1) that every 
function algebra is a local algebra on its whole spectrum. The purpose of this 
note is to exhibit a counterexample. 


Several special cases of the conjecture are known to be true: 
(1) If X has a subset Y which has some sort of analytic structure, then the set 
of funetions which are continuous on X and analytic on Y is a uniformly closed 


local algebra on X. 

(2) If A is a uniformly closed algebra on X with one generator, 2(A) is then a 
compact plane set with connected complement in the plane, and Mergelyan’s 
theorem shows that A consists of all functions analytic on the interior and continu- 
ous on the boundary of (A) and is thus a local algebra on 2(A).‘ 

(3) The algebra consisting of uniform limits of rational functions on an arbitrary 
compact plane set K is a local algebra on K. This may be proved using Lemma 6 
of reference 2. If the complement of the set A has an infinite number of compo- 
nents, the algebra in question may be smaller than the algebra of all functions which 
are continuous on K and analytic on the interior of K.4 

(4) The group algebra L,(@) of a locally compact abelian group @ is a regular 
semisimple commutative Banach algebra whose spectrum is the dual group (@’. 
Every regular semisimple commutative Banach algebra is a local algebra on its 
spectrum or on the one-point compactification of its spectrum if the algebra has 
no unit.* 

Suppose 1 is a finitely generated uniformly closed funetion algebra on X so that 
the polynomials in a finite number of functions fi,....f, are a dense subalgebra. 
Then the map {:X — C" deseribed by f(x) = (fi(x),.. .fn()) embeds XY homeomor- 
phieally in C" and A is isomorphic and isometric to the algebra of all uniform limits 
of polynomials on the set {[X |. A compact set Yin C” is polynomially convex if 
for each x in C" — Y there is a_ polynomial p(z,..., 2.) such that 
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p(x)| > sup {|p(y)|:y € Y}. The polynomial hull Y*of a compact set Y in C” is the 
intersection of all eee td convex sets containing Y; thus Y* = {zr € C": 
p(xv)| < supt} \p(y)| :y © Y} for all polynomials p}. Then 2(A) ishomeomorphic to 
f{X \* and X is all of Y(A) just in case f{[X] is polynomially convex. Thus, the 
conjecture may be restated for finitely generated sup-norm algebras in the following 
form: if X is a polynomially convex subset of C" and f a continuous function 
on X such that for each x in X there is a neighborhood U and function g on X with 
f = gin U and g globally approximable on X by polynomials, then f is itself uni- 
formly approximable by polynomials on Y. A related conjecture is the a 
ing: call f locally analytic on X if for each x in X there is a neighborhood U 

C”" and g analytic in U such that f= ginXN U. Isfthenin A?*® A stronger ng 
ment is obtained by weakening the hypothesis to require only that f be the limit 
of polynomials on X M U. Shilov claimed that this statement was true,® but his 
proof contained anerror. Even the weaker conjecture is not correct. 

The Example: Let the set X in C‘ consist of 


R= {2 © Ct:22¢ = 2, 1 
an annulus. 

T, = [2 EC: a2 
a solid torus attached to the inside rim, and 


_— 


T» = 12 = Blase £1342 = 2 
a solid torus attached to the outside rim. 


— jsOon T, UR. 


Write: (w? on T2 


Che uniformly closed algebra A generated by polynomials on X can be thought of 


40 j0 on TUR. 


as the algebra generated by ¢, 1/¢, w, and 1 , The function g = lian s not 
w- won fe 


in this algebra. To see this, let « be any measure on the two rims |z;} = 1 sa 
iat) = 2 which is orthogonal to analytic functions on the “eine Rand v = dz3/2miz;° 
on |z: 2;| = 1. View the product measure » X von B= {z € X:(\4| = 1 or he 
al z;| = 1}, a set homeomorphic to {2::|z:| = 1 or ja] = 2} X {2s:|z3| = 1} 
means of projection onto the first and third nsaitiienaa: Then uw X vis orthogonal 
to the algebra A. Consider a polynomial p(21,22,23.24) = q(21,22,23) + 2ar(21,22, 
23,24). Then fqdv = 0q/02s, certainly an analytic function on R, while f-zyr dv = 0 
at each point under consideration since if lz1| = 1,2, = 0, but if jai] = 2, 24 = 2,3. 
Thus, {p d(u X v) = O forall such salemeiile p and so also for all functions p 
in A. Taking wp = dz,/z on \z;; = 2 and —dz,/2, on |z;| = 1, we find Sg du X v) 
= 2ni ~ 0 but g is clearly locally in A and locally analytic on XY, since g matches 
either 0 or 2; in a neighborhood of each point of X. 

The set X is polynomially convex; indeed, it is the intersection of sets satisfying 


the following polynomial aauntone and inequalities: 2120 = 2, la1| <2 
\23| <1, eA dive zyzo"| <1, k= = 1,2,... and |z,*(z s— 237)| S1,k 


let Y = $2 es C4: 22 Z: = lz,| <2, |zo| <2, |23| <1, and a Te 23°) = 0}. Then Y 


my, 


is a polynomially convex set containing X, and the points of Y — X fall into two 
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classes: those for which |21| < 2and z% = 2,’ ¥ 0, and those with |z,;; > 1. z, = 0, 
and 2, — 2,2 = —2z;20. Consider a point y of the first kind. Since |y,| <2 and 
ys ¥ 0, \y2| > 1 and for some integer k, lysyo"| > 1 while on X either z, = 0 or else 
zo} = 1 and |z,) < 1 so that in any case \zqze" <1 on X and thus y is not in X’. 
Now suppose y is a point of the second kind. Since y,;) > 1 and ys — ys? # 0, for 
some k we have |y:*(ys — ys?)| > 1, but at each point z of X either 2, — 2,2 = 0 
or else |z;| = 1 and z, = 0 and |z,| < 1 so that |z“(z, — z32)| < 1 everywhere on X, 
so again we see that y is not in XY”. This proves the assertion that Y is polynomi- 
ally convex. 

The Division Problem: Another conjecture related to the local algebra problem 
is the following: suppose f and g are elements of a function algebra A on X = Y(A) 
such that f vanishes in a neighborhood of the zeros of g. Isf/g in A then? More 
precisely, is there an hin A with hg = f? The values of A are of course determined 
by those of f and g except where g = 0. This conjecture is also false, since in the 
example above we may take f(z) = z; and g(z) = z, — 3/2. Then g vanishes on X 
only at the point (3/2, 4/3, 0, 0) while f vanishes on the whole annulus R. If h 
were a continuous function on XY such that hg = /, then h(z) = 2; (2; — 3/2) on the 
support of the measure » X » considered above, but J~-hd(u X v) = 271 ¥ 0,80 no 
such h is in A. 

If we adjoin to an algebra A on its spectrum X all functions on XY which are 
locally in A and consider the uniformly closed algebra generated, we get a new 
algebra A on X. Dr. G. Stoltzenberg has shown in a very recent article? that the 
spectrum of A is still X, and it ean be seen that A has the same Shilov boundary 
and minimal boundary as A also. How then may A be distinguished from A? 
Is it even true that A is always a local algebra on X? If A is finitely generated, is 
A finitely generated? In the example above we can describe A, the functions lo- 
rally in A,and A completely. Using the two complex parameters ¢ (= 2,) and w(=2;) 
we can see that any function in A will have an expansion f(4,w) = f(t) + fi(Qw + 


2 

> f,(t)w* where fy, f, are analytic for 1<|{/<2 and continuous on the rims, and 
k=2 

f,(t) is just a continuous function on the two rims ¢, = land t) = 2 fors>2. The 


series must converge for w <1 for each ¢ with ¢) = lor ¢ = 2, and the sum of the 


series must have a continuous extension to the whole set Y. The convergence is 
actually uniform for jw) <r<1 and all ¢ with ¢) = 1 or ¢ 2. When we look at 
functions locally in A, we find that f;(¢) need no longer be analytic for 1<|¢)<2 but 
only that /; must agree on each rim separately with some function analytic across 
the annulus, i.e., /; belongs locally to the simplest nonlocal algebra mentioned in 
the introduction. Finally, when we take uniform limits, we get in A funetions 


y(t) +  f,(t)w* with only fy analytic in ¢and /; just continuous on the two rims for 
k= 

k>1. Here it may be remarked that A is a local algebra on NX and has four gen- 

jwon 7). 

on RUT». 


Professor Halsey Royden has pointed out still another curious property of this 


erators, just as A had, namely ¢, 1 ¢, w, and 


algebra A. It has point derivations which are not local, i.e., derivations at points 
p in X which do not vanish for all funetions vanishing in a neighborhood of p. Let 
p be a point on the annulus PR with 1 < jf) < 2 and ¢g(f) = fi(t) where fin A has the 
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expansion considered above. Then ¢ is a derivation at p, i.e., a linear functional 
such that yg) = ¢(fg(p) + ¢(g)f(p), and ¢g(f) = 1 for the function fiw) = 
w, yet f vanishes on the annulus R. 

* The preparation of this paper was supported in part by the National Science Foundation 
through grants G-18974 and G-25224. The author wishes to thank Professor Errett Bishop 
for much helpful discussion and encouragement and to acknowledge with gratitude her many 
debts to Professors Hans Bremermann and J. L. Kelley. 

1 Arens, R., ‘“The problem of locally-A functions in a commutative Banach algebra A,” Trans. 
Amer. Math. Soc., 104, 24-36 (1962). 

? Bishop, E., “‘Subalgebras of functions on a Riemann surface,” Pac. J. Math., 8, 29-50 (1958). 

3 Loomis, L. H., in Abstract Harmonic Analysis (New York: Van Nostrand, 1953). 

4 Mergelyan, S. N., “Uniform approximations to functions of a complex variable,’’ Uspehi 
Mat. Nauk, n. s. 7, no. 2(48), 31-122 (1952); Amer. Math. Soc. Transiation, no. 101. 

5 Shilov, G. E., ‘Analytic functions in a normed ring,’’ Uspehi Mat. Nauk, 15, no. 3(93), 181-183 
(1960). 

6 Research Problem 15, Bull. Amer. Math Soc., 67, 458 (1961). 

7 Stoltzenberg, G., ““The maximal ideal space of the functions locally in a function algebra,’”’ 
Proc. Amer. Math. Soc., 14, 342-345 (1963). 


ON MODULAR CORRESPONDENCES FOR Sp(x, Z) AND THEIR 
CONGRUENCE RELATIONS 


By Goro SHIMURA 
DEPARTMENT OF MATHEMATICS, OSAKA UNIVERSITY, AND PRINCETON UNIVERSITY 
Communicated by D. C. Spencer, April 2, 1963 


M. Eichler! and the author? * gave the congruence relation T, = II, + IIl,’OR, 
mod (p) for the modular correspondences of the field of elliptic modular functions 
and of the fields of certain automorphic functions of one variable. It is natural to 
seek an analogy for the automorphic functions with more than one variables. In 
this paper we investigate the modular correspondences for the field of Siegel’s 
modular functions and give some congruence relations for them. 

1. We denote as usual by Z the ring of rational integers. Let 

G = Sp(n, Z), J = (4. 9); 


—In 


where 1, is the unit matrix of size n. Let S be the set of all matrices B of size 2n 
with entries in Z such that ‘BJB = rJ with rEZ,r>0. We write then r(B) = r. 
Let L be the free Z-module generated by the double cosets GBG for all BES. We 
define a law of multiplication in L as follows.*: 4 First we note that each GBG with 
Bin S contains only a finite number of right and left cosets. Let BES, CES, and let 
GBG = UG@B,and GCG = U,GC, be disjoint expressions. For every DES, the 
number of (7, 7) such that GB,C; = GD is determined only by GBG, GCG, GDG. 
Denote this number by u(GBG-GCG; GDG) and define the product GBG-GCG by 


GBG-GCG = Siu(GBG-GCG; GDG)GDG, 


where the summation is taken over all the GDG contained in GBGCG. Extending 
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this by linearity to a law of multiplication of L, we obtain an associative ring. 
We can prove that 1 is a commutative integral domain. 

2. The representatives for G \S /G are given by the diagonal matrices B with 
diagonal elements d;,..., dy, @1,..., €, Such that dijdy+i, dy On, Crares de, = r(B)e 
lor this B, denote GBG (as an element of L) by T(d,,..., das @n,.--,@.). [It ean be 
easily seen that 

T(ay,..., Gon) T(by,..., ben) = T(ayb,..., denden) if (don, ben) = 1. (1) 


Our first problem is to give an Euler product for the formal Dirichlet series D(s), 

with coefficients in the ring L, defined by 
D(s) = > (GBG)r(B) “i 
where the summation is taken over all the GBG with BES. If we denote by D,(s) 
the sum of all terms ((BG@)r(B)~* such that r(B) is a power of a prime number p, 
then (1) implies 
D(s) = 11,D,(s). 

Therefore, let us fix our attention to one prime number p, and denote by L, the 
subring of L generated by the GBG for which r(B) is a power of p. Then we obtain 

TuroreM 1. L, ts a polynomial ring over Z generated by the following n + 1 


elements: 


(een oe eee es) ae ee 


a nes SO 
n—-1 21 n—-2 
These n + 1 elements are algebraically independent. 
Putting X = p 


D,(s) = > T(p",. —e an aS fe ee. 


8 


* we have 


If n = 1, we get the relation D,(s) = [1 — T(1,p)X + pT(p,p)X?)~', which is 
essentially due to EK. Hecke.* 

THreoreM 2. Jf n = 2, 
D,(s) = [1 — p?T(p,p,p.p)X?| X 

(1 — Tl l,pp)X + |pT(.p,p.p?) + p(p? + 1)T(p,p.p,p)} X? 
— p*T(p,p,p*,p?)X* + p®T(p?,p’,p?,p*) X4|-. 

In general, it is plausible that D,(s) = E(X)/F(X) with polynomials £(Y) and 
F(X) in X with coefficients in Z of degree 2" — 2 and 2”, respectively. 

3. Let H,, be the space of all complex matrices of size n whose imaginary parts 


is eas ' 7 2 P 
are positive definite. For every Uo = ( ) in S with square matrices a, b, c, d of 
c ¢ 


size n, and for zEH,, we put U(z) = (az + b)(cz + d)~'. We can construct an 
analytic family of polarized abelian varieties ®, = (A,, @,) parametrized by the 
points of H,. Here A, is an abelian variety of dimension n having (z 1,) as a 
period matrix and @, is a polarization of A, corresponding to the principal matrix 
J.7;8  @, is isomorphic to @, if and only if z = U(w) for some UGG. Let K, be 
the field of moduli’ of &,. Then there exist meromorphic functions f(z), .. -, fm(z) 
on HT, and an analytie subset Y of H,, of codimension 1 such that A, = Q(fi(z), ..., 
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fn(z)) for zEH, — Y,and C(fi, ..., fm) is the field of all Siegel’s modular functions 
on H,.7~-* Here Q and C denote, respectively, the rational number field and the 
complex number field. Let (W., A.) be a normalized Kummer variety*® of @,. 
lor a positive integer NV, denote by g(N, A,) the set of all points ¢ on A, such that 
Nt = 0, and by Ky., the field generated over K, by the coordinates of h,(t) for all 
tEg(N, A,). Let Gy | BEG B=1 mod (N)}. Then there exist meromorphic 
functions ¢)(2), ..., ¢,(2) and a join Vy of countably infinite analytic subsets of 
H,, of codimension | with the following properties: 


Ky: = Q(fi(z), ..-, fm(z), ¢1(2), ---) ¢a(z)) for zEH, — Vy; 


and C(fi, .. ., fins G1. + «+ &y) IS the set of all meromorphic automorphic functions 
on H,, with respect to Gy. * 

Let ('y* be the group of all invertible matrices U of size 2n with entries in Z/(N) 
such that ‘U/U = rJ with rEZ/(N). Then we obtain 

THeoreM 3. Let K = Q(fi, ..., fm), An = Q(fi, ---)Smy G1) - ++» Ga) and let § 
be a primitive N-th root of unity. Then, Ky ts a galois extension of K, whose galois 
group & is isomorphic to Gy*/} +1}, and Q(¢) ts the algebraic closure of Q in Ky. 
Moreover, if an element o of G corresponds to an element U of Gy*, and if'UJU = rJ, 
then ¢° = ¢. 

By this theorem and by the same argument as in references 2 and 3, we can 
conclude the following 

THEOREM 4. Let ®y be the field of all meromorphic automorphic functions on H,, 
with respect lo Gy. Then there exists a subfield RK’ of Ry such that C and K’ are 
linearly disjoint over Q. In other words, the function field Ry has a model defined 
over Q. 

4. Now we realize the elements of the ring 1 defined in section 1 as algebraic 
correspondences. Let BES and let GBG = GB,U... UGB, bea disjoint expression. 
Roughly speaking, f(z) > (f(Bi(z), ..., f(Bs(z))) for fE® gives the algebraic corre- 
spondence attached to GBG which is to be defined. Fix a point z on H, which is 
generic for the f, over Q in the sense of references 7 and9. Put r = r(B), By(z) = 2; 
for 1 < « S s. The principal matrix J induces naturally an alternating form 
e,(a, y) on g(r, A,) with values in Z/(r). 

Lemma 1. Let GBG = T(d, ..., don) and let {gi, ..., gs} be the set of all sub- 
groups g of g(r, A,) satisfying the following conditions: 1%) g is isomorphic to the 
product of the cyclic groups Z/(d;) for 1 St S 2n; w) e,(x, y) = O for (x, y)Eg X g. 
Then, s = s’, and after reordering the g; suitably, we can find an isogeny d, of A; to A;, 
whose kernel is qi. 

LeMMA 2. Suppose that r is prime to N. Then, for each 1, there exists an iso- 
morphism o; of Ky, onto Ky,,, such that f,(z)" = f(z) for 1 Su S mandh,{t)" = 
h.,(dit) for tEg(N, Az), where the \; are the isogenies of Lemma 1. 

LemMMa 3. Let the o,be asin Lemma2. Letu = (Ww, .. , Uz) be a set of elements 
in Ky,, such that Q(u)DK,. Then K,,(u) contains Q(u') for each i, and (u*'!, ..., 
u’*) is the complete set of conjugates of u*! over Q(u). 

Now let V be a projective variety with a generic point uv over Q such that K, = 
Q(u). Then, we may consider the field of Siegel’s modular functions of degree n 
as the function field of the variety V. For GBG = T(d,, ..., de»), take the iso- 
morphisms a; of Lemma 2, and denote by the same notation 7'(d), . . ., d2,) the locus 
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of u X uv! over Qon V X V. We eall the algebraic correspondences on V thus 
obtained from the elements of L. the modular correspondences (for Siegel’s modular 
functions). 

5. Let V, be the reduction of V modulo p. We consider only those p such that 
V’, is an irreducible variety with multiplicity 1. We denote by Tdi, ..., den)» 
the reduction of 7d), ..., d2,) modulo p. Let Y and Z be eyeles on V, X V, of 
the same dimension as V,. We denote by }OZ the projection of (Y Xx V,)- 
(V, X Z) onto the product of the first and the second factors of V, X V, x V, 
We write Y =Z if Y-(t X V,) = Z-( X V,) and Y-(V, X xr) = Z-(V, X 2) 
for a sufficiently generic point x of V,. 

Let GBG = T(p™, ..., p°") and r = r(B) = p*. Consider the alternating form 
e(v, y) on g(r, A,) introduced in section 4. We can find a subgroup g* of g(r, A,) 
with the following properties: (2) g* is isomorphic to the product of n copies of 
Z/(r); (it) e-(x, y) = O for (x, y)Eg* X g*. Letgi,...,g,beasin Lemmal. Write 
g. ~ g; if g:Ng* and g;Ng* are isomorphic as abelian groups. Divide }qi. ..., gs] 
into classes by this relation ~, and denote the classes by Fi, ..., F’g. 

THreoreM 5. Let the notation be as above. Then, for almost all prime numbers p, 
there exist q positive cycles UA S v S q) on V, X V, of the same dimension as V, 
such that 


T(p", ....p),=UL+... + U;. 


To define the eyeles U’,, consider the B;. z;, \;, o; defined in section 4. Let u be 
a generic point of V over Q such that A, = Q(v). Let & be a field of definition for 
A,, A,,, 4, over which the points of g(r, A,) and u, vu” are rational. Let (w,) be a 
set of independent variables over Q such that / is an algebraic extension of Q(w,). 
lor every prime number p, we extend the natural homomorphism of Z onto Z/(p) 
to a place of Q(w,) which maps the w, onto independent variables over Z/(p), and 
extend it further to a place P of k. For each p we fix such a place P and denote by 
P(Y) the reduction modulo P of an object Y. If A, and A,, have nondegenerate 
reduction modulo P (this is the case for almost all p), we obtain from \, an isogeny 
P(A,) of P(A,) to P(A,,), whose kernel is P(g;). Now the reduction modulo P 
defines a surjective homomorphism of g(r, A,) to g(r, P(A,)). The kernel of this 
homomorphism has the properties (7), (77) of the above g*. We take the kernel as 
g*. Since g; is the kernel of \;, we can divide the isogenies (A,,, A;) into q classes 
corresponding to /;, ..., F,. Then, for each F,, we can define a positive cycle U, 
on V, X V, satisfying 

U,-(P(u) X V,) = P(u) X P(u"), 

where the summation is taken over all 7 such that g;EF,. 

Let A,, Il, and II,’ denote, respectively, the loci of « X x, 2 X x? and x? X x on 
V, X V,, where x is a generic point of V, over the prime field. As a special case of 
Theorem 5, we can find n + 1 positive cycles @,, of V, X V, such that 


T(i, ....1,p, .-., Dip @ 2, .n0 Bp, Sp = H,, Oy = HI,’ 


If n = 1, we obtain T(1,p), = Il, + II,’, which gives a factorization’: * 


A, — T(1,p)pX + pT(p,p)pX? = [A, — I,X]ol[A, — I1,’X]. 
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If n = 2, we get the following 

THEOREM 6. Suppose thatn = 2. Then, for almost all p, there exist three positive 
cycles Py, Vy, Qp on Vy X Vy, of the same dimension as Vy, satisfying the following 
relations: 


T(1,1,p,9), = I, + &, + 0,’, 
T(1,p,p,p") p = (p? — lA, + Vy + Q), 


py, = 11,04, = 4,0ll,, pQ2, = I1,’0%, = 4, 0ll,’. 


These relations give a factorization of the denominator of D,(s) in Theorem 2 
into the product 


(A, — 11,X)O(A, — &,X + p*X*)O(A, — II,’X). 


One may conjecture that a similar factorization of the denominator of D,(s) holds 
also for n > 2; the degree of the factors would be n!/(j!(n — 7)!) forO Sj Sn. 
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A UNIFYING PRINCIPAL IN QUANTIFICATION THEORY 
By RaymMonp M. SMULLYAN* 
aii x aideieabaiiaie 
Communicated by Paul A. Smith, April 17, 1963 


Behind many of the well-known results of Gédel, Herbrand, Skolem, Léwenheim, 
Gentzen, Craig (and others), there is one underlying principal (Theorem 1 below) 
which yields them all from a common construction. Other applications of our 
principal are given (§3) in the form of some extensions and variants of the Gentzen- 
Herbrand theorem, and related results concerning a new form of linear reasoning 
($4). 

1. Abstract Consistency—Our primitive basis for quantification theory will be 
~ (negation), A, V, D, YW, 9 (or any adequate subset). Weuse aj, d2,..., a4... as 
parameters (free individual variables), and 2, 2, ..., 2;,... as bound (individual) 
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variables. By /,” we mean the result of substituting the parameter a for every free 
occurrence of x in F. We let X, Y be formulas in which no .«, oceurs free. 
We introduce a new symbol’; by a sentence we mean an expression X or X’. Vor 
most applications, XY’ can be identified with ~NX (for Gentzen systems, we make a 
syntactical distinction, though the (ruth values— in any interpretation—are to be 
the same). To avoid tiresome division into cases, we introduce the following 
unified notation. a@ is to be any sentence of one of the 5forms: X A Y,(X v Y)’, 
(XY DY)’, (~NX)'’, ~X. By (ai, a2) we mean, respectively, the ordered pair (X, 
VY), (X’, Y’), (X, Y’), (¥, X), (¥’, X%. We let 8 be any sentence of one 
of the 3 forms: X Vv Y, (Y A Y)’, X D Y, and (3), 8) is, respectively, the 
ordered pair (X, ¥), (X’, Y"), (X’, Y).! We let y be of either form WF, 
(3xF’)’; y(a) is to be, respectively, F,”, (F.")’. We let 6 be of either form jzF, 
(W.ak’)’; 6(a) is, respectively, F4*, (F,")’. 

We use to denote any finite set of sentences; W denotes any denumerable set 
of sentences containing only finitely many parameters. T is to be a property 
defined on finite sets 1. We write T (7, X) to mean that M U | X | has property 
r; r(M, X, Y) is to mean that W U |X, Y} has property I. 

Now we introduce the key notion. We call Tan abstract (cut free) consistency 
property if the following conditions all hold (for every 17, a, 8, y, 4): 


ly: TI does not hold for any .W which contains an atomic sentence and its prime. 
ri: If P(A, a) then TCM, ay, a). 

I: If (iM, B) then T(M, 6) or T(M, 82). 

l'3: If T(M, y) then I'(m, y, y(a)). 

ly: If PCM, 6) then PCV, 6(a)), providing a does not occur in 6 nor (any element 


of) AM. 


THEOREM 1. For any abstract consistency property T: (a) if T(M), then M is 
denumerably satisfiable;? (b) if every finite subset of W has property T, then W is de- 
numerably satisfiable. 

We briefly discuss the proof of Theorem 1 in §5. We also state: 

THEOREM 1.1, Let I have properties To, 1), V2. Then (a), (b) of Theorem 1 hold, 
replacing ““denumerably satisfiable” by “truth-functionally satisfiable.” 

2. Applications—(A) Define [(\/) to mean that is satisfiable. This Tis an 
abstract consistency property. From Theorem 1 it follows that if all finite subsets 
of W are satisfiable, then W is denumerably satisfiable. This combines the Skolem- 
Léwenheim theorem with the compactness theorem for first order logic.* 

(B) For any of the usual axiomatizations of quantification theory, it is easy to 
verify that formal consistency of 1/ within the system‘ is an abstract consistency 
property—hence, Gédel’s completeness theorem results. 

(C) For the (elassical) Gentzen systems (e.g., G1)° a (nonconstructive) proof 
of the Haupsatz results as follows. Call a sequent X), ..., X¥,—~ Yi, ..., Yna 
correspondent of the set {Xi, ..., Xn, Yi’ ..., Ym'}. Then define P(1/) to mean 
that no correspondent of M/ has a cul free proof in the system. 

(D)* For Craig’s interpolation lemma,’ define XY to be an interpolation formula 
for an ordered pair (\/,, M2) if every predicate and parameter of X occurs in at 
least one member of 3/,; and at least one member of 17/2, and if neither (7,, X’) nor 
(M», X) is satisfiable. Now define ['(.\/) to mean that there exists a partition 
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(M,, Ms) of M (where neither 1/7; nor J/, is empty) for which there is no interpola- 
tion formula. It is not difficult to verify that [is an abstract consistency property. 

3. Further Applications..-() Our very definition of an abstract consistency 
property immediately suggests the following cut free formal system. Formal 
objects: ‘To each / we associate (in a 1-1 manner) some formal object /(.1/)* 
(which we read ‘1/ is inconsistent’). Axioms: J(\M/), where A/ contains some 
atomic sentence and its prime. Inference rules: (1) (Al, a, a) F (AM, @) 
lwe use “F’’ metalinguistically to mean “directly yields’ |; (2) /(M/, 81), 7(M/, 
Bo) HK I(M, B); (3) ICM, y, y(a)) & ICM, y); (4) TCM, 6(a)) F T(M, 8), with 
same proviso as in Ty. We define X to be provable in this system if /(X’) is prov- 
able. Now define ['(.1/) to mean that /(.1/) is not provable. It is immediate that 
I is an abstract consistency property. Hence, if 7 is not satisfiable, 7(1/) is 
provable; if X is valid, X is provable. If X is a tautology, then (by Theorem 1.1) X 
is provable using only rules (1), (2). [Indeed, such a proof is easily found by 
looking at the disjunctive normal form of X’]. 

(I*) Let A be the set of all sentences of the form y D y(a); B is to be the set of 
all sentences of the form 6 D 6(a), where a does not occur in 6. We say that a 
occurs critically in the sentence 6 D 6(a). Define a regular set RP as a finite subset of 
A U B such that no parameter occurs critically in more than one element of R. 
Call R an associate of M if (i) R U AM is truth-functionally inconsistent; (ii) the 
antecedent of every element of FP is a subformula of some element of 1/7; (iii) R, 
involve no common parameters. It is easily verified that if 7 has an associate, 
then .V/ is not satisfiable.2 Now define (1/7) to mean that 1/ has no associate; 
this [ is an abstract consistency property. Hence (by Theorem 1 and second 
from last sentence), we have: 

THEOREM 2. JM is unsatisfiable if and only if M has an associate. 

From Theorem 2 follows that if X is valid, then {X’} has an associate R, hence 
Ry) D X is a tautology, where Ry is the conjunction of the elements of R. This 
result, when specialized to sentences X in prenex normal form, constitutes a form of 
Herbrand’s theorem. 

(G) Now consider the system described in (I°) with rules (3), (4) changed as 
follows: (3’) I(M, y’), TCM, y(a)) & J(M), providing y is a subformula of (some 
element of) 1/7; (4’) JCM, 6’), 7(M, 6(a)) F [(M), providing 6 is a subformula of 1, 
and a does not occur in 6 nor (any element of) 17. This system is cut free, in the 
sense of obeying the subformula principle. 

THeoreM 3. Jf M is unsatisfiable, then [(M) has a proof in which all applications 
of rules (1), (2) precede those of (3’), (4’)." 

This result is obtainable from (F), because from any associate R of M, such a 
proof of I(M) ean be found. [Also, given any proof of [(M), an associate R of M 
can be found]. 

(H) From the last two facts follows a constructive proof of the Haupsatz which is 
strikingly simple. Given proofs of /(.M,, X), [(\l2, X’), we wish to find a proof of 
1(M, U M,). But this is constructively equivalent to the problem: given asso- 
ciates R,, Ry of M, U {X!, M, U {X’!, we are to find an associate of M, U My. 
We can assume that 2, 2, have no common parameters, and that Ry U Re, 7, U My 
have no common parameters.'! Then R; U Rz is an associate of M, U Mo. 


4. A New Form of Linear Reasoning.'?—By a block |B) we shall mean a finite set 
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of sentences; by a sfalement YX we shall mean a finite set B.| ... |B,! of blocks. 
We read Yas “for at least one 7 < n, all elements of B,; are true.’ A block is 
called bad if it contains at least one pair Y,X’, where X is atomic; a statement is 
called bad if all its blocks are bad. By a reduction of % we mean (A itself or) any 


statement obtainable from Yt by the rules: (1) 1/7, @ may be replaced by J/, ay, as ; 


(2) M, 8 may be replaced by 17,38, 1/7, 8; (3) replace AV, y by M, y, y(a)'; (4) 


replace 7,6 by A/, 6(a), with proviso of I’. 

THEOREM 4. Mis unsatisfiable iff M) is reducible to a bad statement. 

A stronger result (related to Craig’s interpolation lemma) is: 

TueoreM 5. JA/, U A, 7%s unsatisfiable iff M1, and My» have reductions %, YU, such 
that the union of any block of % with any block of Ay is bad. 

Remarks: If B is a reduction of A, then the existential quantification of B 
(looking at the parameters as free variables) is equivalent to the existential quan- 
tification of Yt. We could alternatively formulate our system using «-terms instead 
of parameters, in which case any reduction of Y% would be directly equivalent to YX. 
5. A Further Abstraction of Theorem 1.—-We base our proof of Theorem 1 on the 
following purely combinatorial lemma. Consider an abstract system (FB, Ri, Ro, 
I’), where EF is any denumerable set, 2; and FR, are binary relations on E whose 
sets of first members (domains) D,, D». are disjoiit, and T is a property of finite 
subsets of E which satisfies conditions (), C, below. We let a be any element of Dy, 
and @ be any image of a under A)... 1. ¢., any x for whicha Ry. We let b be any 
element of Rs, and } be any image of b under Ry. Calla subset W of E conjunctively 
closed under RF, if foreverya € W, a € W, for every a. Call W disjunctively closed 
under 2s, if forevery b € W, at least oneb E W. Conditions: (C,)P(M,a) implies 
I'(M, a), for every a; (C2)P(M, b) implies P(.1/, 5), for at least one image 5 of b. 

LEMMA. Under these conditions, if T(M), then M can be extended to a set M* such 
that (1) every finite subset of M1* is a subset of some set having property T; (2) M1* is 
conjunctively closed under R, and disjunctively closed under Ro. 

Sketch of Proof: We inductively define a denumerable sequence 6;, 62, . . ., 1,... 
of finite sequences 6; (of elements of £). 6, is to be the elements of .V/ in any order. 
Assume @,; V1Z., (21, ..., Um) defined and such that m > n and that the set of terms 
of 6, has property [. Define 6,+; by the conditions: (i) if x, is an element a, and 
if some d is not in 6,, set @n+1 = (21, ..., Um, Ys Ln), Where y is the first such a; 
(ii) if x, isan element b, and if no b€@,, set On+1 = (21, ..-, Lm, y), Where y is the first 5 
such that }.1, ...,2m,y} has property I’; (iii) otherwise set 0,+1 = (21, ..-, 2m; In): 
Then the set .1/* of all elements appearing in some @; has the desired properties. 

To obtain Theorem | from the Lemma, take F the set of all sentences, 2, the set 
of all ordered pairs (a, a), (a, as), (y, y(a)); Re the set of all ordered pairs 
(8, By), (8B, Bs), (6, 6(a)). If I is an abstract consistency property, then 
conditions (,, C2 are obeyed. Statement (a) of Theorem 1 then follows by the 
Lemma, since any set /* satisfying conclusion of the Lemma is, by a well-known 
argument, denumerably satisfiable.'* To obtain statement (b) of Theorem 1, a 
modification of the construction is necessary. First, enumerate all elements of W 
in some sequence X,, Xo, ..., X;,... Then let 6; = (X,); 6,+1 is as before, with 
the term X, added at the end." 
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* Research supported in part by a grant from the Air Force Office of Scientific Research. 
' Tn all cases, @ is equivalent to the conjunction of ay, a2; 8 is equivalent to the disjunction of 
G1, Bo. 
* That is, simultaneously satisfiable in a denumerable domain. 


3 The former states that if W is satisfiable, it is denumerably satisfiable; the latter (due to 
Henkin, Tarski, and Robinson) states that if every finite subset of W is satisfiable, so is Wo We 
note that the compactness theorem for propositional logic results from Theorem 1.1, since truth- 
functional satisfiability satisfies conditions Ty, 1), Ts. 

‘In the sense that the negation of the conjunction of elements of 1/7 is not provable in the 
system. 

§ Cf. Kleene, 8. C., Introduction to Metamathematics (Princeton: ID. Van Nostrand Co., Ine., 
1952). 

® This application was obtained in collaboration with Dana Scott. 

7 Craig, William, ‘Three uses of the Herbrand-Gentzen theorem,”’ J. S. 1., 23, 3. 

8 For example, the ordered pair </, \/>, where / is some new symbol. 

® This is the key fact behind consistency proofs for the e-calculus, as wei! as natural deduction 
systems using existential instantiation. 

” Gentzen’s erweiterer Haupsatz states this result (for Gentzen systems) for sets Mf of prenex 
formulas. 

1! If not, uniformly change them in /,, 22 where necessary. 

12 Like Craig’s system (J. S. L., 23, 3) our rules are all one-premise rules; but we avoid use of 
prenex normal form. 

13 All sentences of \/* are true under the interpretation which assigns to each n-ary predicate P 
the set of all n-tuples (a,...,a,) of parameters such that P a,...,a, lies in M*. The idea of 
using the set of parameters for the domain of the interpretation is due to Leon Henkin. But our 
construction differs essentially from that of Henkin, in that our definition of an abstract con- 
sistency property nowhere has the clause: [(.17) implies 'U./, X) or TM, XN’). 

4 Tt may also be of interest to note that our proof nowhere uses Kénig’s lemma on infinite trees 
(nor could it, since an element 6 may have infinitely many images b, and a tree form of our con- 
struction might involve infinite branching). 


PERIPHERAL COLD- AND CENTRAL WARM-RECEPTION, MAIN 
ORIGINS OF HUMAN THERMAL DISCOMFORT* 


By T. H. BENZINGER 
BIO-ENERGETICS LABORATORIES, NAVAL MEDICAL RESEARCH INSTITUTE, BETHESDA, MARYLAND 


Communicated by Sterling B. Hendricks, April 22, 1963 


The thermostat that balances in the human body the gains and losses of energy for 
maintenance of constant temperature is capable of handling loads four times a 
normal metabolic rate. Higher intensities of thermal stress must be avoided by 
intelligent behavior. Wilful locomotion from one environment into another, 
changes of posture, immobilization or heat-producing exertion, unclothing or cloth- 
ing, sheltering from heat or cold, and ultimately artificial refrigeration, air condition- 
ing, or heating of dwellings, of working places, and of craft on land, at sea, in air, or 
out in space, must keep the individual gain or loss of heat far below 80 calories per 
second. Limited to this capacity, the more precise but weaker autonomic system 
will perform only when behavioral ‘‘preconditioning”’ prevents overloading. The 
main prerequisite of intelligent thermal behavior is, of course, the capacity for 
conscious temperature perception, which was the object of our study. 
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It is assumed, in general, that skin thermoreceptors for warm and for cold are the 
origins of the conscious sensations of warm or cold in man, which regulate his in- 
telligent behavior in changing environments. Incidental experiences during work 
with human subjects on autonomic temperature regulation have rasied our doubts 
that this may not be the whole truth. 


In these PRocEEDINGS the autonomic, unconscious mechanisms of human tem- 


perature regulation have recently been analyzed in quantitative terms of causes and 


effects, stimuli and responses.'~* In warm environment, heat loss by sweating is 
elicited directly from a central terminal warm-sensor. (The required neurologic 
characteristics are found in a “center” in the anterior hypothalamus—A in Figure 
1—discovered in 1885 by Aronsohn and Sachs.) In addition, a peripheral afferent 
pathway serves to inhibit sweating when, 
paradoxically, the skin is cooled while the 
center is overheated.* 

In cold environment, the desired heat 
gain by increased metabolic action is 
elicited by cold-receptors of the skin. 
Their impulses are relayed through a 
svuaptic, temperature-insensitive center. 
(The required neurologic characteristics 
are found in the posterior hypothalamic 
“heat maintenance center’’—VP in Figure 
1--discovered by Isensechmidt and Krehl 


oa 
eo 


Fic. 1.—-From observations with indirect 
and direct calorimetry, centers and pathways 


in 1912.) 
at the skin is dramatically inhibited when 
central temperature rises. On animals 
the origin of this inhibition has been 
located in the anterior, not the posterior, 
hypothalamus (Hemingway et al.‘ and 
Freeman and Davis*). In conclusion, 
both the response to cold and the response 


The metabolic response to cold 


to warm appear to be under the control of 


one central terminal warm-sensor. This 


of autonomic temperature regulation are 
postulated as shown. Sweating, SW, and 
vasodilatation, V, are elicited from central, 
terminal warm-sensor, A. The metabolic 
response to cold, M, is driven by cold- 
reception at the skin, through a synaptic, 
temperature-insensitive center, P. Functions 
of A and P, essentially independent and 
different in their basic characteristics, are 
cross-linked only by inhibiting pathways 
(broken lines). Central warm-reception at 
A inhibits the metabolic response to cold. 
Skin cold-reception inhibits the response of 
sweating. 


“temperature-eye” or “human thermo- 

stat” is responsible for the maintenance of body temperature at a strictly determined 
“setpoint.””. Figure 1 shows the postulated centers, pathways, and minimum 
uumber of neurons required to explain the quantitative data of indirect and direct 
calorimetry. In the autonomic temperature regulation of man, central reception of 
warmth and peripheral reception of cold are dominant. 

As a background for investigation of the conscious sensation of cold, quantitative 
data on the unconscious metabolic response to cold are interesting (Fig. 2). The 
inhibition of thermoregulatory heat production becomes complete when central 
At this central temperature the threshold 
of skin temperature, where the merease of metabolism should begin, becomes in- 


temperature increases to the “setpoint.” 


finitely low (Fig. 3). When central warm-inhibition is gradually removed by low- 
ering of central temperature, the skin-threshold for metabolic action rises toward 
an extrapolated skin temperature near 35.5°C. At this threshold temperature 
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CRANIAL — INTERNAL TEMP 


Fig. 2.—Rates of thermoregulatory heat production were plotted 
against tympanic temperatures. Figures indicate skin temperature. 
The response is maximal at 20°C and declines with increasing skin tem- 
perature (see left side of graph). With rising internal temperature 
toward right, the metabolic response is progressively inhibited. In- 
hibition becomes complete at 37.1°C, the “setpoint’’ of this human 
subject. 


Hensel and Boman? find in man that cold-receptor neurons of the skin begin to fire 
at an increasing rate when temperature decreases. The firing rate becomes maxi- 
mal,® and the response in metabolic heat production reaches a peak*® when skin 
temperature decreases to 20°C. Likewise, near 20°C we have observed in unpub- 
lished tests a maximum of conscious cold-sensation which declines with further 
lowering of skin temperature. It would appear, then, that those cold-receptors of 
the skin that are engaged in behavioral regulation by conscious perception and those 
that are engaged in autonomic temperature regulation exhibit similar character- 
isties of threshold and maximum of activity. They also share, as common charac- 
teristics, overshooting response upon cooling and overshooting inhibition upon 
rewarming. One aim of our investigation was to find whether or not this analogy 
‘an be carried further. It seemed important to know whether the conscious per- 





VoL. 49, 196: PHYSIOLOGY: T. H. BENZINGER 





Sensation 





KIN TEMPERATURE 





1 1 l 1 
360 362 364 37 


TYMPANIC TEMPERATURE ——— . > 








Fic. 3.—Thresholds of the beginning metabolic response from Fig. 2 
were plotted against tympanic temperatures (curved line). The hori- 
zontal line with points describes threshold values of conscious cold- 
sensation in baths of slowly decreasing temperature with allowance for 
artefact. Conclusions: (a) Unlike the metabolic response to cold, the 
conscious sensation of cold is not inhibited by central warm-reception. 
(b) There is no central, conscious cold-reception in the range observed. 


ception of ecld at the skin is counteracted, like the metabolic response, by warm- 
reception in the central system. It seemed also important to know whether or not 
the peripheral reception of cold is supported and enhanced by central cold-reception. 

1. Conscious Sensation of Cold —Preliminary trials showed that it is somewhat 
difficult to define various stages of intensity in cold-sensation for evaluation. It 
is, however, readily possible to observe the subjective threshold of cold-sensation in 
a reproducible manner, when the stimulus is gradually applied to the entire body 
surface (except the head). 

The subject, either untreated, precooled, or prewarmed for manipulation of his 
internal temperature, was immersed up to the neck in a waterbath at 37°C. By 
influx of cool water the vigorously stirred bath was cooled at a slow rate, approxi- 
mately 1°C /hr. The subject was directed to report the first beginning of a cool 
sensation. The reported threshold values of bath or skin surface temperature were 


plotted against tympanic membrane temperatures, simultaneously recorded and 


shown in Figures 3 and 4, to find or to exclude a possible influence of internal ther- 
moreception upon the sensation of cold. 

Result and discussion: It appears from Figures 3 and 4 that, in the range ob- 
served, the influence of cranial internal temperature upon the threshold of conscious 
cold-reception was negligible. Only a slight decline toward higher internal 


« 


temperatures is visible, more so in a lean individual (Fig. 3) than in an obese one 





PHYSIOLOGY: 17, H. BENZINGER 


1 
30 362 


THRESHOLO OF CONSCIOUS COLD SENSATION —————— 


SKIN TEMPERATURE 


TYMPANIC TEMPERATURE 


Fig. 4.—With an obese subject, thresholds of conscious cold-sensation were determined in 

baths of gradually decreasing temperature. Here the artefact of a temperature difference be- 
tween surface and deep tissue is less noticeable. The independence of the sensation of cold from 
internal temperature is readily apparent. 
(Fig. 4). This slight decline is an artefact. At the left side of the graph, skin and 
central temperatures were nearly identical. Here the actual receptor temperatures 
are presumably not different from the identical temperatures of the measured 
skin surface and the deep tissue below. On the other hand, at the right side of the 
graph an outward gradient in temperature existed between the higher internal and 
the lower surface temperature. Thermoreceptors located in this thermal gradient 
field must have had a temperature slightly above skin surface temperature. The 
surface measurements, which we had substituted for measurements at the receptors 
proper, must therefore have been too low in this region. We believe that consider- 
ation of this artefact and source of error permits us to say that there was no de- 
monstrable influence of central temperature upon the sensation of cold in the range 
observed. 

Conclusions: It is concluded that central cold-receptors with connections into 
the somesthetie cortex, responsive in the range observed, do not exist. It is also 
concluded that the afferent fibers from cutaneous cold-receptors for conscious cold- 
sensation bypass the posterior hypothalamic synapses in which the cold-impulses 
for metabolic action are so dramatically inhibited (see Figs. 2 and 6). If a central 
cold-reception would enhance the peripherally elicited conscious sensation of cold 
in man, or if this cold-sensation were inhibited by central warm-reception like the 
metabolic response, it is unthinkable that such enhancement or inhibition would 
not have resulted in a shift of the thresholds observed. 

2. Conscious Sensation of Warmth.—To investigate the conscious sensation of 
warmth, a different way was developed from exploratory experiments. It was first 
attempted to elicit unpleasant warm-sensations by immersion ina bath too warm 
for comfort, in a moderately cool state of internal temperature. This proved to be 
impossible except for a sensation of burning pain, not warmth. It began as a 
transitory, overshooting response on entering a 39° or 40°C bath. Only at 42°C 


slight burning became a permanent sensation. Skin temperatures as high as these 
do not occur in air as a result of climatic conditions. Even at environmental 
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temperatures of 50°C skin temperatures seldom exceed 38°C. ‘The thermally 
elicited burning sensation or pain, a useful warning signal against thermal burns, 
is therefore out of question as a driving force of behavioral temperature regulation 
in warm environments. The pleasant and agreeable sensation of warmth may be a 
driving force that tends to reduce cold stress, not heat stress. 

The actual driving force of behavioral heat regulation against overwarming is 
best observed in baths of a lower temperature, 38.5°C. To an individual previ- 
ously cooled for a normal or subnormal cranial internal temperature (36.5°C 
or lower), transfer into a 38.5°C bath appears pleasantly indifferent, not warm. 
This experience was unexpected. When skin thermoreception does not even rec- 
ognize as warm a condition that would require an environmental temperature of 
more than 50°C in air, the skin cannot possibly be the origin of unpleasant, driving 
warm-impulses for behavioral temperature-regulation. Baths of a longer duration 
were therefore applied. 

Results: On staying in a $8.5°C bath for 30 to 40 min the driving warm-sensa- 
tion for behavioral control of body temperature appears in stages. It is felt with 
mounting intensity as internal cranial temperature, not skin temperature, increases. 
Although the transitions were gradual, four stages could be distinguished. They 
were considered attained as soon as the subject answered, one after another, the 
following questions: 

(1) Do you feel warm rather than cold or indifferent? (Stage 1) 

(2) Would you be more comfortable in cooler water? (Stage 2) 

(3) Let us know when you feel oppressed or restless. (Stage 3) 

(4) Let us know when you definitely want to leave the warm bath. (Stage 4) 

Upon arrival at each one of these four stages the cranial internal temperature 
was recorded. It appears that a subject can reproduce the stages within +0.3°C 
of internal temperature at a constant skin temperature of 38.5°C (Fig. 5). 

Discussion: The fact that all four stages, from indifference to thoroughly un- 
pleasant heat, were subjectively experienced at the same skin temperature, 38.5°C, 
proves the existence of internal, conscious warm-reception. The only other alter- 
native seems most unlikely, namely, that the mounting sensations of heat could have 
been a delayed response to cutaneous, not internal, reception. Thermoreceptors 
as a rule have overshooting rather than delayed response characteristics. Thermal 
inertia of such magnitude is out of the question for receptors under the skin sur- 
face. Compared with the precision of the autonomic responses of man the repro- 
ducibility of his internal warm-sensation in Figure 5 is not very impressive. How- 
ever, in absolute terms of temperature, and for a sense not previously recognized 
to exist, it appears satisfactory. 

It should be added that excitation of the cold-receptors of the skin quenched the 
internal perception of warmth effectively and swiftly in our tests. ven merely to 
remove the pleasant stimulus of warmth at 38.5°C from the skin by lowering bath 
temperature to 35.5°C (where cold-receptors do not vet respond) seemed to have 
an alleviating effect on the subjective warm-sensation. A supporting action of 
warm-impulses from the skin can therefore not be excluded; cold-receptor inhibi- 
tion of the internally elicited sensation of heat seems to be certain. Such inhibition 
would readily explain the immediate relief derived from fanning the sweating skin 
in an overwarmed condition, or from cooling a hand in water. 
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Fic. 5.—At uniform and constant skin temperature in a waterbath of 
38.5°C, various stages of internal warm-sensation are experienced as 
internal cranial temperature increases. The stages range from pleasant 
indifference to almost unbearable heat. 


The observation of internal warm-reception as the origin of heat-discomfort is con- 
sistent with results obtained by Winslow et al.’ in 1937. While cold-discomfort 
was found by them to be closely correlated with skin temperature, warm-discom- 
fort was closely correlated with their observations of sweating intensity. The 
link between their observations and the result of our tests is the quantitative rela- 
tion between sweating and internal cranial temperature, recognized 22 years 
later.! 

The experiments reported here do not permit one to locate anatomically the in- 
ternal warm-sensor for conscious perception within the body core. Without 
evidence from animals this question would remain unanswered at this time. It 
is not likely that means will be found to stimulate a small circumscribed central 
area by heat on man in full consciousness. Fortunately, by inference from animals, 
one certain site comes under specific consideration. Together with a verbal pres- 
entation,’ J. D. Hardy showed a motion picture which demonstrated impressively 
the “basking behavior’ of a dog as a result of warming the preoptic region. 
This observation is consistent with our findings. As evidence of the anatomic loca- 
tion it may or may not be accepted. If not, the alternative would be to assume 
that a second internal warm-sensor exists and has yet to be found in man. 

A summary of our findings on chemical, physical, and behavioral regulation of 
temperature is given with the postulated centers and pathways of Figure 6. Path- 
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ways of pain and pleasant warm-sen- 

sation have been omitted as irrelevant 

to the warm-discomfort for behavioral 

temperature regulation. Arrows 

pointing toward the cortex do not 

mean to exclude participation of lower 

levels in the subjective awareness of responses 

internal temperature. Yet, for intel- —o 

ligent behavior, synapses with cortical VASOMOTOR 
SUDOMOTOR 


motor neurons are ultimately required. CHEMICAL 
(ME TABOL IC) 








3. Summary.—(t) The conscious 
sensation of cold in man is elicited by Fic. 6.—Together with the postulated com- 

ii is fie ae ponents of autonomic temperature regulation 
peripheral receptors. Unlike the re- the origins of heat- and cold-discomfort for 
sponse to cold by metabolic action, the behavioral temperature control are outlined. 
Common to both mechanisms is the predomi- 
nance of central warm- and peripheral cold- 
hibited by central warm-reception, and reception. Like the retina, the internal warm- 
sensor elicits conscious sensations. 


conscious sensation of cold is not in- 


central receptors for conscious sensa- 
tion of cold seem not to exist in the range observed. (77) At a uniform and con- 
stant skin temperature of 38.5°C various stages of warm-sensation may be exper- 
ienced. These range from pleasant indifference to almost unbearable heat. 
The unpleasant sensation of the warm, driving force of behavioral temperature regu- 
lation in hot environment must therefore originate from a warm-sensor in a central, 


not peripheral, location, probably from the “temperature-eye” in the anterior hy- 


pothalamus. 


* This work was supported under contract R-38 by the National Aeronautics and Space Ad- 
ministration. 
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CHIMPANZEE BEHAVIOR: REMOVAL OF FOREIGN BODY FROM 
COMPANIONS EYE 


By WaLTeR R. MILES 


U.S. NAVAL MEDICAL RESEARCH LABORATORY, GROTON, CONNECTICUT 
Read before the Academy, April 24, 1963 


The intelligence and social behavior of apes have been much investigated in the 
last fifty years through organized field studies and especially by experimentation 
and controlled observation of many animals confined in laboratory stations and 
zoological parks. Studies conducted on chimpanzees at the Anthropoid Station 
in Tenerife and the Yerkes Laboratories of Primate Biology in Florida, as examples, 
cover a wide spectrum of behavior. Working for food rewards, chimpanzees have 
amply demonstrated their excellent sensory and perceptual capacities, as well as 
their abilities in learning and in solving a variety of mechanical problems. 

The social behavior of grooming by anthropoids remains a subject of theoretical 
scientific interest. Chimpanzees that are friendly often exhibit a mutual and ex- 
cited desire to engage in grooming. Small wounds or sores found by the groomer 
may be given “treatment”’ by the lips, or a splinter in the skin may be removed by 
pinching the restricted area between the two forefingers. Such acts or behavior 
are not now accredited as resulting from motives of “mutual aid.”” The groomer, 
or operator, seems to select the objectives and perform action patterns tor his own 
pleasure. 

The behavior sequence reported in the present paper involved a famous pa:r 
of chimpanzees. I had visited and observed this pair many times in past years. 
Professor Robert M. Yerkes, a member of this Academy, purchased Pan and 
Wendy, male and female, from a ship’s officer at a Boston dock in 1925. Their 
respective ages at the time of purchase were not known, but were estimated at two 
to three vears. Pan as an adult was of medium size, weighing about 110 pounds. 
Wendy was smaller, with a weight of about 88 pounds. Describing the general be- 
havior of these chimpanzees in 1943, Dr. Yerkes wrote, “Although they have long 
been acquainted as cage-mates, they have often disagreed about their relative 
social status. Each is extremely aggressive and determined, and neither hesitates 
to precipitate a fight. Usually, Pan assumes priority as his right, for he is that sort 
of personality. But if Wendy makes up her mind to have her way, she is so much 
more devastating in her attack that he almost invariably yields temporarily, in order 
to get along, peaceably and safely.”’! At first, either of these chimps would struggle 
desperately if removed from the other one and taken from their living cage to an 
experimental room. It required several attempted sessions before each became 
accustomed to the experimental outlook. Both learned to be good subjects and 
work well for food rewards on a variety of problems and in different laboratory 
enclosures. When Yerkes was writing about them in 1943 after nineteen years of 
acquaintance, he referred to Pan’s history as a book of 60 typed pages, and to that 
of Wendy, the mother of seven valuable, good working offspring, as extending to 
75 pages. 

Now a cinder or grain of sand in the eye is a powerful stimulus demanding the 
attention of the sufferer, be he man or chimpanzee. The incident here reported 
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Was not set up as a planned experiment. It happened by chance at Orange Park 
in moderately good daylight on Sunday, February 21, 1954. With the late Dr. 
Ilenry W. Nissen, a member of this Academy, who was then Director of the Yerkes 
Laboratories, the writer was standing 15 feet or more from one side of the large out- 
door enclosure which confined Pan and Wendy, each of them about thirty years 
of age. Pan was engaged in his usual noisy, belligerent display tactics for visitors.* 
He would climb and pound the wire fence or the large strip of sheet metal at the 
top. He was jumping about, stamping, banging his hands together, and shouting. 
Previous experience prompted one to stand well back from the cage, knowing that 
Pan could throw sand with force and accuracy. In the midst of Pan’s excited 
behavior, Wendy came up behind him, whimpering. Pan suddenly turned, looked, 
and approached her. She sat down on the ground; he immediately crouched in 
front of her and with his two forefingers began manipulating her left eyelids. A 
short sequence of impromptu color photographs reeorded this behavior incident 
and its pattern. 

This remarkable episode began with such a brief setting of the stage that it was 
far advanced before we could reach the side of the cage and thrust the camera lens 
between the heavy fence wires to achieve a clear view. The first photograph 
taken (lig. 1) shows Pan crouching in front of Wendy and very near, as he views 


Fig. 1.—An old male chimpanzee responds promptly and in an adequate manner to the distress 
of his cage-mate, who has a cinder in her left eve. He has pulled.down the lower eyelid, exposing 
the mucous membrane. 


her left eye. He is using both his hands for the task of searching. With his left 
hand he appears to stabilize Wendy’s head. With his right forefinger he has 
drawn down the lower eyelid exposing the pink mucous membrane. Wendy’s head 
is tipped toward Pan, who is viewing her eye from a distance that we estimate as 
5 to 6 inches. The second photograph (Fig. 2) was taken a brief interval after the 
first one. The search is just about to conclude. Wendy has drawn her head back 
somewhat. Pan still retains very nearly his same stance of head and shoulders, but 
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Fig. 2.—The search continues and is just about to succeed. 


his right hand reaches out further as if to touch Wendy’s left cheek. We can see 
the small thumb of Pan’s right hand. The focal distance between Pan’s eyes and 
Wendy’s left eye has increased. ‘The moment when Pan withdrew his fingers from 


Wendy’s face, signaling success of his attempt, occurred with such suddenness it 
was not captured by a photograph. As Wendy experienced relief, there was a quick 
cBange in her posture from sitting to lying down. Pan turned so that she was in 
front of him, while he at the same time could again see his two human observers. 
He glanced briefly at Wendy’s genital area and then assumed the relaxed sitting 
posture immediately behind Wendy. She was lying on the ground, her head rest- 
ing on some straw and her right arm limp and resting on her body. Pan seemed 
to look at his human observers with a much altered perceptual attitude. He was 
not threatening. He sat quietly resting on his rump and right thigh with his left 
leg flexed and his right forearm resting on his knee. Leaning forward, he was well 
balanced and, judging from the flexion of his left wrist, quite relaxed. The camera 
view for Figures 1 and 2 was from the same position through the heavy wire fence. 
Before recording the photograph for Figure 3, the camera position was lowered 
about two feet. The perspective between Pan’s head and the background has thus 
been changed. Pan’s posture as shown in Figure 3 has remained the same for about 
five minutes. Just as this final photograph was taken, Wendy lifts her head to look 
at Pan. It he plotting some mischief, or is he quietly enjoying a sense of achieve- 
ment? There is no clear answer. Pan could have used his mercy act as the prelude 
for an enjoyable period of grooming. Wendy could have withdrawn immediately 
after experiencing relief. Their remaining in physical contact in such passive states 
for several minutes after eye relief was achieved would seem to emphasize the 
psychological significance of this behavioral event. It is distinctly different from 
grooming. It was something special. Man has become or is becoming wise to the 
value of succorant behavior.’ He did not invent it; there were earlier pioneers. 
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Fig. 3.—-Comfort has been achieved, and operator and patient both relax. 


' Yerkes, Robert M., Chimpanzecs—A Laboratory Colony (New Haven: Yale University 
Press, 1943), pp. 47-48. 
Emlen, John T., “The display of the gorilla,’ Proc. Amer. Philos. Soc., 106, 516-519 (1962). 
' Scott, John P., .Anidmal Behavior (University of Chicago Press, 1958), pp. xi and 281. 


POLIOVIRUS-INDUCED RNA POLYMERASE AND THE EFFECTS 
OF VIRUS-SPECIFIC INHIBITORS ON ITS PRODUCTION* 
By Davin Batrimore, Hans J. Eacers, RichHarp M. FRANKLIN,t AND Icon TAMM 
THE ROCKEFELLER INSTITUTE 
Communicated by Frank L. Horsfall, Jr., April 19, 1963 


In the last few years new experimental approaches have been found to the study 
of virus-specific biosynthesis in animal virus reproduction. This report describes 
recent results obtained in the study of the mechanism of action of two virus-specific 
inhibitors,'~'® and provides evidence which bears on the virus-specific nature of the 
virus-induced RNA polymerase. '*~”° 

2-(a-Hydroxybenzyl)-benzimidazole (HBB)'~> and = guanidine*: ~'® inhibit 
completely and specifically the multiplication of many small, RNA-containing, 
lipid-free animal viruses (picornaviruses?'). These compounds have no effect or 
only minor effects on the multiplication of viruses which belong to other major 
groups.':?; '” Similarly, the metabolic activities and growth rate of host cells are 
unaffected or only minimally affected by HBB! * or guanidine.'?: '* '* Mutants of 
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HBB- or guanidine-sensitive viruses have been obtained which are either drug- 
resistant! * > 1 14 or drug-dependent.® 7)! *?— It isknown that HBB prevents the 
synthesis of the viral RNA of drug-sensitive viruses,*: * but is required for replica- 
tion of the RNA of drug-dependent mutants.’ There is some evidence that guanidine 
has similar effects."®. 16 

Recently, a virus-induced polymerase which is thought to be responsible for viral 
RNA synthesis has been found in Mengovirus-infected cells."~” The enzyme has 
the properties of an RNA-dependent RNA polymerase, although dependence has 
yet to be directly demonstrated. The finding of a new RNA polymerase in cells in- 
fected with a picornavirus suggested a study of the effects of HBB and guanidine on 
such a virus-induced RNA-synthesizing system. Since HBB and guanidine have 
no effect on Mengovirus multiplication, it was necessary first to demonstrate 
virus RNA polymerase in cells infected with a drug-sensitive virus. We have found 
such an enzyme system in the cytoplasm of HeLa cells infected with poliovirus 
types 1 or 2, and have carried out a study of the effects of the virus-specific inhibitors 
on the appearance and activity of this enzyme system. The appearance of polio- 
virus RNA polymerase was also investigated in cells infected with drug-resistant 
or drug-dependent mutants. 

Materials and Methods.—Viruses: Poliovirus type 2 (strain P 712-Ch-2ab), 
adapted to HeLa cells, was used in most experiments; in some, poliovirus type 1 
(strain Brunhilde) and two of its variants were used; one was resistant to 100 ug 
guanidine per ml, and the other was dependent on guanidine. The dependent vari- 
ant was grown and titrated in the presence of 100 ug/ml of guanidine. Poliovirus 
type 1 strains were kindly made available by Dr. Nada Ledinko, The Public Health 
Research Laboratories of the City of New York. 

Virus RNA polymerase: HeLa cells were grown in suspension in 150 ml volumes 
of Eagle’s spinner medium** with 4 mM glutamine and 10% calf serum. When the 
number reached 5 to 6 X 10° cells, ml, the cells were harvested by centrifugation and 
redispersed in 2 ml of undiluted poliovirus stock at a multiplicity of 5 to 10. After 
a 0.25-hr adsorption period at room temperature, 150 ml of warm medium without 
serum was added and incubation at 37°C begun (zero time). After the appropriate 
length of time, cells were harvested by centrifugation, dispersed in 0.25 M sucrose 
containing 0.001 17 MgCl, (sucrose-Mg), recentrifuged, and either used directly, 
or frozen as a pellet. In most experiments (exceptions are noted) cells were homog- 
enized in an all glass homogenizer after addition of 20-40 volumes of ice-cold 
water. All further operations were carried out at 0-4°C. The cell homogenate 
was adjusted to a final concentration of 0.1 AJ Tris-HCl buffer (pH 7.6), 0.005 M7 
MgCh, and 0.5 M NaCl, and after 5-10 min, the viscous suspension was diluted 
2-fold with water to reduce viscosity, and the nuclei, whole cells, and released nu- 
cleoprotein removed by centrifugation at 600 X g for 10 min. The suspension was 
then centrifuged at 78,000 X g for 1.5~2.0 hr, and the resulting pellet dispersed in 
sucrose-Mg at 2.5-10 mg of protein/ml. Details of this method will be published.'® 
Such a preparation, which could be stored at —20°C for at least one week with re- 
tention of 75% or more of the initial activity, will be referred to as an enzyme 
preparation. Assay conditions were identical to those used for the Mengovirus poly- 
merase.'7~!9 The C'4-nucleoside triphosphates used were purchased from Schwarz 
BioResearch, Ine. 
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TABLE 1 
Virus RNA Potymerase Activiry IN HELA CELLS INFECTED witH PoLiovirus 2 


¢ cpm/mg protein 
Infected Uninfected 


( ‘omplete (GTP-C") 155 4 
-ATP, -UTP, -CTP 5 = 
+5 mM Mn** 32 YY 
Complete (ATP-C") 123 36 
-UTP, -GTP, -CTP 47 34 
Complete (UTP-C"*) 322 85 


Infected cells were harvested 5 hr after infection with poliovirus type 2, suspended in sucrose-Mg 
and homogenized in a VirTis hemnaneninen.* * = 6The nuclei (600 X g, 8 min) and mitochondria 
(10,000 X g, 10 min) were discarded and the microsomal fraction (105,000 & g, 1 hr) was resus- 
pended in sucrose-Mg at about 5 mg/ml. The assay mixture (0.5 ml) contained | yg actinomycin, 
20 wg phosphoenolpyruvate kinase, 5 wymoles phosphoenolpyruvate, 5 wmoles magnesium acetate, 
? pmoles: ‘ris-HCl buffer (pH 8.1) and 0.2 ml of the microsomal suspension. Either 73 mymoles 
of GTP-C'* (2,100 epm, ‘mpmole), 96 mumoles of ATP-C'* (690 epm/mymole), or 25 mymoles of 
UTP-C'* (7,250 cpm/mymole) was added to each tube along with approximately equal canqunte of 
the other nucleoside triphosphates which were unlabeled. After 15 min incubation at 37 the 
reaction mixture was ¢ hilled in ice and 0.5 ml of cold 0.1 M sodium pyrophosphate added,® follow ed 
by 5 ml of cold 0.5 M perchloric acid (PCA). After 10 min in ice, the tubes were centrifuged in the 
cold and the resulting precipitate washed 3 times with PCA. After one wash in ethanol-ether (1:1) 
the precipitate was dissolved in 2 ml of concentrated formic acid, dried onto aluminum planchets, 
and counted in a windowless gas-flow counter. Protein was determined by the method cf Lowry 
et al.% All results were corrected by subtraction of the counting rate of an unincubated sample. 


Results —Virus RNA polymerase in cells infected with poliovirus 2: As is shown 

Table 1, microsomal preparations from poliovirus-infected HeLa cells incor- 
porated forty times more GTP-C" than did similar preparations from uninfected 
cells. Omission of unlabeled triphosphates markedly depressed incorporation, and 
the enzymatic activity was inhibited by manganese ions, as has been demonstrated 
for the Mengovirus RNA polymerase."”~*° With C'*-labeled ATP and UTP, the 
microsomal preparations from infected cells showed 3-4 times greater incorporating 


activity than those from control cells. 

The kinetics of virus RNA polymerase appearance in poliovirus-infected HeLa 
cells are shown in Figure 1. The polymerase activity did not appear until after 2 hr 
of infection, rose to a maximum at 4 hr, and then declined. The decrease was 
variable from experiment to experiment, and the apparent rise between 5 and 6 hr 
shown in Figure 1 is due to variation. The appearance of virus polymerase corre- 
lates well with the increase in virus (Fig. 1) and infectious viral RNA.* However, 
the results suggest that maximal amounts of virus RNA polymerase are made before 
the full yields of virus RNA and virus particles are produced. 

Inhibition by guanidine and HBB of virus RNA polymerase appearance in infected 
cells: Guanidine had no effect on the activity of virus RNA polymerase prepara- 
tions in vitro (Table 2). The lack of effect was evident at pH 8.1, the usual pH for 
assay, as well as at pH 7.5 or 7.2. HBB also had no effect on incorporation of 
GTP-C"* into an acid insoluble product in the cell-free system. 

In contrast to the lack of direct effect on the polymerase, both compounds pre- 
vented the appearance of the virus RNA polymerase activity in HeLa cells infected 
with poliovirus. As is shown in Table 3, the microsome fraction from cells infected 
in the presence of HBB or guanidine incorporated no more GTP-C" than did the 
microsome fraction from uninfected control cells. 

It was next of interest to determine the effect of guanidine and HBB when added 
during the exponential increase phase in virus multiplication. Guanidine or HBB 
was added at 3 hr postinfection when 50 per cent of the enzyme activity had al- 
ready appeared in the infected cells. After addition of either compound, there was 
not only no further increase in enzyme, but in fact a marked decrease occurred by 
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Hours 


Fig. 1.—Specific activity of virus RNA polymerase after infection of 
HeLa cells with poliovirus type 2; growth curve of virus. Enzyme 
preparations were made from infected cells which had been incubated 
for various periods. Activity was assayed as described in Table 1, with 
32 mumoles of GTP-C' (2,100 epm/mumole) as precursor. Results 
are expressed as ecpm/mg/protein. 

Plaque assays of virus were carried out in primary monkey kidney 
cell cultures.” 


TABLE 2 
EFFECT OF GUANIDINE AND HBB on THE ActTIvITyY OF THE Virus RNA PoLYMERASE 

epm 

Complete 155 

-ATP, -CTP, -UTP 5 

+ 0.1 M guanidine 171 

Complete (pH 7.5) 112 

+ 0.1 M guanidine 101 

Complete 568 

+0.15mM HBB 585 


The conditions of experiments with guanidine were identical to those described in Table 1. GTP- 
C'4 was used as the labeled nucleotide. The experiment with HBB shows higher incorporation values 
since the samples were collected at 4.25 rather than 5 hr, the enzyme preparation employed was made 
by water homogenization (cf. Materials and Methods) and 32 mymoles of GTP-C!* (5,080 cpm/ 
myumole) was added to each reaction mixture. 


4.25 hr (Table 4). Thus, the enzyme already formed appeared to have a short 
life. That the inactivation was not due to a direct effect of HBB or guanidine on 
the enzyme system is suggested by the fact that addition of the compounds to the 
cell-free GT P-C'4-incorporating system had no effect on its activity (Table 2). 
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TABLE 3 
INHIBITION BY GUANIDINE AND HBB or Virus RNA PoLyMEeRASE APPEARANCE IN HeLA 
CreLits INFECTED WITH POLIOVIRUS 2 
Compound present epm/mg protein 
None 209 
Cuanidine, | mM 12 
None 5S2 
HBB, 0.2 mM 12 


After infection, cells were resuspended in medium containing guanidine or HBB. Enzyme was prepared at 5 hr 
postinfection for the guanidine experiment and 4.25 hr for the HBB experiment, and assayed by the procedure 
described in Table 1. 73 mymoles of GTP-C'* (2,100 epm,’myamole) was used for the guanidine experiment and 
$2 mumoles of GTP-C!* (5,080 epm,’mymole) for the HBB experiment. 


TABLE 4 
INHIBITION BY GUANIDINE AND HBB or Virus RNA PoL_yMERASE APPEARANCE IN HeLa 
CELLS INFECTED WitH PoLiovirus 2 
Compound added Time of harvest, hr epm/mg protein 
None 3 252 
None 4.25 582 
Guanidine at 3 hr 4.25 7 
HBB at 3 hr 4.25 64 
1 mM guanidine or 0.2 mM HBB was added to infected cells 3 hr after the virus adsorption period. Enzyme 
preparations were assayed as described in Table 1, with 32 mumoles of GTP-C'!* (5,080 epm/mymoles) as precursor. 


_ 


Virus RNA polymerase in cells infected with drug-resistant or drug-dependent mutants 
of poliovirus 1; effects of guanidine: To obtain additional evidence as to the virus- 
specific nature of the RNA polymerase which appears in the cytoplasm of polio- 
virus-infected cells, experiments were undertaken with drug-resistant and drug- 
dependent mutants. The drug-resistant mutant of poliovirus 1 multiplied to high 
yields in the presence of 1 mM guanidine; the dependent mutant required guanidine 
for replication. Experiments were carried out to determine whether the resistant 
mutant could initiate enzyme production in spite of the presence of guanidine, and 
whether guanidine was required for enzyme production by the dependent mutant. 
The results of these experiments are summarized in Table 5. As can be seen, virus 
RNA polymerase was not demonstrable in cells which had been infected with the 
drug-sensitive wild type of poliovirus 1 and treated with guanidine. Enzyme ac- 
tivity was demonstrable in cells infected with drug-resistant virus regardless of 
whether guanidine was present in the growth medium. While the activity in 
untreated cells infected with the resistant mutant was significantly lower than that 
in such cells infected with the sensitive wild type, the yields of infectious particles 
were also lower. Finally, enzyme activity developed in cells infected with the drug- 


TABLE 5 
EFFECT OF GUANIDINE ON THE APPEARANCE OF THE VIRUS RNA POLYMERASE IN HELA CELLS 
INFECTED WITH ID)RUG-RESISTANT OR I)RUG-DEPENDENT POLIOVIRUS MUTANTS 
Guanidine, 1 mM, 

present during epm/mg 

Poliovirus 1 infection protein 
480 
3 
206 
362 
Dependent mutant 3 
= 472 


Sensitive (wild type) 


Resistant mutant. 


Cells were infected with various cloned mutant strains of poliovirus type 1 and infection allowed to proceed for 
4 hr in the presence or absence of 1.0 mM guanidine. Enzyme preparations were assayed as described in Table 1, 
with 32 myumoles of GTP-C'* (5,080 epm/mumole) as precursor. 
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dependent virus only when the cells were incubated in the presence of guanidine. 

It should be emphasized that virus RNA polymerase, produced in cells infected 
with drug-dependent virus in the presence of guanidine, did not require the ecom- 
pound for activity in the cell-free system. The virus RNA polymerase from such 
cells was sensitive to manganese, as was the enzyme produced in guanidine-treated 
cells infected with resistant virus. 

Discussion.— From the foregoing results, it appears that poliovirus, like Mengo- 
virus, causes the appearance in infected cell cultures of an RNA polymerase activity 
which is either not present in the uninfected cells, or is present at less than 2 per 
cent of the maximal level in the infected culture. The time course of enzyme ap- 
pearance, and the correlation of activity with the growth of guanidine-sensitive, 
-resistant, or -dependent virus strains implicates the enzyme in the process of viral 
RNA synthesis. 

As to the mechanism of action of guanidine and HBB, there is reason to believe 
that they specifically prevent virus-induced protein synthesis. Biochemical stud- 
ies on cells infected with bacteriophage or DNA animal viruses have provided 
evidence that new enzyme activities and new protein antigens appear in cells after 
infection.*®: ® In the case of bacteriophage infection a new class of messenger 
RNA’s made soon after infection appear to determine the specificities of the new 
proteins.*! As for the reproduction of DNA animal viruses, it is known that syn- 
thesis of RNA is a necessary prerequisite.*?: * 

Mengovirus, a small lipid-free animal virus (picornavirus), causes, within an 
hour after infection, inhibition of cellular RNA and protein synthesis by separate 
processes which are inhibitable by puromycin and fluorophenylalanine and which 
therefore involve protein synthesis.*4 Poliovirus has similar effects.** Mengo- 
virus and poliovirus also cause the synthesis of a new RNA polymerase and of coat 
protein. There is reason to believe that viral RNA or a copy of viral RNA supplies 
the information for the synthesis of these new proteins, i.e., two presumed inhibitors 
of cellular macromolecular synthesis, the polymerase, and the coat protein.’ #4: % 
The observations that the RNA’s of f2 bacteriophage®* and of poliovirus® can 
in vitro determine the specificity of their respective coat proteins further strengthens 
the concept of viral RNA acting as a messenger RNA. 

Both HBB and guanidine suppress the production of virus RNA polymerase in 
cells infected with drug-sensitive virus and also prevent the synthesis of virus 
RNA and coat protein. Furthermore, it has been found that guanidine can at 
least partially prevent the virus-induced depression of cellular RNA synthesis, '® *° 
and that both guanidine” and HBB! markedly palliate viral cytopathic effects. 
These facts, taken in conjunction with the concept that the viral RNA acts as a 
messenger RNA to provide the information for the synthesis of the new proteins, 
suggest that HBB and guanidine can interfere with the messenger function of viral 
RNA. _ In the case of the drug-dependent mutants, it would appear that the com- 
pound is required for the messenger function of viral RNA to be manifest. Since 
many of the details of the infective process are yet to be worked out, a more general 
form of this hypothesis may be useful, namely, that these compounds inhibit most 
if not all virus-induced protein synthesis. In any event, the effects of HBB and 
guanidine are reversible: no permanent damage to the viral RNA results from treat- 
ment of infected cells with these compounds.*: '* 
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CODING PROPERTIES OF E. COLI LEUCYL-sRNA’s CHARGED 
WITH HOMOLOGOUS OR YEAST ACTIVATING ENZYMES* 


By Tuomas Peter BENNETT, JACK GOLDSTEIN, AND Fritz LIPMANN 


THE ROCKEFELLER INSTITUTE 


Communicated April 26, 1963 


The redundance, or degeneracy as it is generally called, of amino acid coding has 
been deduced from various observations. Holley and his group,' by applying coun- 
tercurrent distribution to the mixture of sRNA’s, obtained two or more distinct 
sRNA peaks for the same amino acid. The use of polynucleotides of fixed composi- 
tien, introduced by Nirenberg and his group,? and by Ochoa and collaborators,* 
for probing polypeptide synthesis from activated amino acids, has indicated that 
the same amino acid can respond with polypeptide formation to different polynu- 
cleotides. 

A pronounced redundance was found for leucine, which showed incorporation into 
polypeptide chains in a system stimulated by poly UC, poly UG, poly UA, or poly 
U.t~-® The recently observed’ specific coding of one leucine-specific countercurrent 
peak by poly UC, and the other by poly UG, as well as less pronouncedly by poly 
U, amplifies these observations by indicating the possibility of a coding difference 
between the two leucine sRNA fractions. 

The matching of the activating enzyme of one species with the sRNA from 
another species has indicated only a partial overlap and qualitative as well as 
quantitative differences in the sRNA.° 

Since a number of observations®~'! indicate universality of the code, a differential 
response to activating enzymes has been interpreted to mean that the affinity of 
amino acid-specifie sR NA, when matching the activating enzyme, may not be due 
to the coding nucleotide combination. Such a conclusion, however, may need re- 
Vision, as will be seen from the experiments to be reported here. In expanding on the 
type of experiments first made by Berg,’ it now appears that a crude F. coli sRNA 
preparation, that is partially charged with leucine by yeast enzyme, respo 1ds almost 
exclusively to poly UC in a similar manner to the countercurrent peak I-sRNA in 
the experiments of Weisblum et al.,’? while the remainder appears to be coded pref- 
erentially by poly UG. Experiments on the question of code universality will 
also be reported. 

Methods.—Soluble RNA from E. coli B was prepared by the phenol procedure described by 
von Ehrenstein and Lipmann.?® 

Enzyme preparations: FE. coli B cells (log phase) were ruptured after the method of Berg.* 
The extract was centrifuged twice at 30,000 < g for 30 min in the 9-in. rotor of the Lourdes 
centrifuge, and at 105,000 X g for 2 hrin the No. 40 rotor of the Spinco. The 105,000  g super- 
natant was stored frozen; when thawed, it was passed, just before use, through a Sephadex G-25 
column that had been equilibrated with 0.01 M phosphate-0.005 M mercaptoethanol buffer pH 
7.0. 

National bakers’ yeast was stirred with liquid nitrogen for several minutes. The nitrogen was 
permitted to evaporate and the ruptured yeast cells were immediately stored at —20°. For 2 
min, frozen yeast was blended in a Virtis homogenizer with glass beads and 0.01 M Tris-0.005 M 
mercaptoethanol pH 7.5. The extract was centrifuged at 30,000 < g for 30 min, then at 105,000 x 
gfor2hr. The 105,000 X g supernatant was passed through Sephadex G-25 just before use. 

Attachment of C™-leucine to sRNA: The procedure of von Ehrenstein and Lipmann® was used 
to attach C'-leucine to either yeast or E. coli sRNA by enzymes from yeast or E. coli extracts; 
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50 muM of C**-L-leucine (105 we/uM) were used per milligram of sRNA charged. Incubation 
was at 35° for 20 min, unless otherwise stated. 

Attachment of C'-leucine to E. coli sRNA previously charged with C™-leucine by yeast enzyme: 
The reaction mixture for attaching C'*-leucine to sRNA contained, in a total volume of 1.5 ml: 
300 uM Tris HCI pH 7.2, 8.0 uM MgCl, 8.0 uM GSH, 4.0 4M ATP, 5.0 uM phosphoenolpyruvate 
(PEP) Na salt, 10 wg of PEP kinase, 100 uM C'?-leucine, 3 mg of sRNA, and 0.30 mg protein of 
105,000 X g yeast extract. After incubation for 20 min at 35°, the charged sRNA was isolated 
by the phenol procedure. The product was dialyzed at pH 5.8 for 7 hr at 0° against deionized 
water. 

The reaction mixture for attaching C'-leucine to the dialyzed product contained, in a total 
volume of 1.5 ml: 300 4M cacodylate-K pH 6.6, 8.0 uM MgCl, 8.0 uM GSH, 4.0 uM ATP, 
5.0 uM PEP, 10 wg of PEP-kinase, 2 ug of myokinase, 2 yg of pyrophosphatase, 2 we C'*-leucine 
(105 we/uM), 2 uM amino acid mixture minus leucine, F. coli enzyme extract (0.20 mg protein), 
and the dialyzed product from above. After incubation for 5 min at 35°, the charged sRNA 
was isolated by the phenol procedure. 

Polynucleotide-stimulated ribosomal incorporation of C™-leucine bound to sRNA: S-30 was pre- 
pared according to the procedure of Matthaei and Nirenberg.?. The protein concentration of the 
product was 12 mg/ml. 

Essentially the method of Weisblum et al.? was used to establish the code properties of leucyl- 
sRNA preparations. The reaction mixture contained, in a total volume of 0.25 ml: 15 uM 
Tris HCI pH 7.5, 1.2 uM PEP, 8 wg of PEP-kinase, 7.5 uM KCl, 2 uM GSH, 5 uM C'*-leucine, 
0.1 mg of C'-aminoacyl-sRNA omitting leucine, 10 ug of poly UG, UC, or U, as indicated in the 
figures, 50 ul of S-30, and C™-leucyl-sRNA. After incubation, the reaction was stopped by addi- 
tion of 7% trichloroacetic acid (TCA), and the resulting precipitate was digested, washed on a 
Millipore filter, and counted in a windowless gas-flow counter. 

f2 RN A-stimulated ribosomal incorporation of C'-leucine bound to sRNA: The reaction mixture 
for {2 RNA-stimulated incorporation of leucine from leucyl-sRNA was essentially the same as 
above, except that cacodylate-K buffer at pH 6.8 was substituted for Tris-HCl pH 7.5, and 0.25 
uM ATP was added in a 0.25 ml total incubation volume. f2 RNA was added to the reaction 
mixture in amounts indicated in the tables and figures. The reaction was terminated and in- 
corporation of C'-leucine into TCA-insoluble precipitate was determined as above. 

Separation of two leucine acceptor RN A’s: sRNA from E. coli B was prepared by phenol ex- 
traction and passage over DEAE-cellulose, as described by Doctor et al.! Two leucine acceptor 
fractions were isolated by countercurrent distribution after 500 transfers in a solvent system 
modified after Apgar et al.'* The pooled fractions used for the experiments to be presented were 
taken at positions 100 tubes apart from each other in the train of the countercurrent machine. 
The procedures and methods used are to be published. 

Materials —ATP and GTP were products of Pabst Laboratories, Milwaukee, Wis. PEP Na 
salt and pyruvate kinase were purchased from California Corp. for Biochemical Research. C'-L- 
leucine (105 we/uM) and other C'*-amino acids were obtained from Schwarz BioResearch, Inc. 
Poly UG (5:1) and poly UC (1:1) were kindly donated by Drs. J. Allende and Z. Kucan, respec- 
tively. Poly U was purchased from Miles Laboratory, Clifton, N. J., or was prepared in this 
laboratory. Yeast sRNA was purchased from General Biochemicals, Inc., Chagrin Falls, Ohio. 
f2 RNA was the generous gift of Dr. Norton Zinder. 

Results.—Transfer of amino acids lo E. coli sRNA by yeast enzyme: Berg et al.,° 
Rendi and Ochoa,'* and Benzer and Weisblum' have studied the species-specific 
attachment to sRNA of a variety of amino acids in response to heterologous ac- 
tivating enzyme preparations from EF. coli, yeast, or animal tissue. In the follow- 
ing experiments, comparison was restricted to 1. coli sRNA and enzymes from yeast 
and EF. coli. The yeast enzyme used here differs from that used by Rendi and 
Ochoa in its derivation from a different yeast strain and in the extraction procedure. 
This may explain the negative response of their preparation with leucine in contrast 
to the differential response reported here. Our experiments confirmed the observa- 
tions of Benzer and Weisblum that yeast enzyme preparations connect lysine but 
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not tyrosine to EL. coli sRNA. Leucine, alanine, serine, isoleucine, and aspartic 
acid were also found to be attached by yeast enzyme, but phenylalanine and histi- 
dine were not (Table 1). 

Our bakers’ yeast preparation charged /. coli sR NA with leucine, although to only 
two thirds the extent charged by FL. colienzyme. This differential effect, which cor- 
responds qualitatively to the observations of Berg et al.’ with methionine, was 
studied in greater detail. Figure 1 shows that if increasing amounts of F. colt 
sRNA = (sRNAco) are 
charged with leucine by 
either yeast or /. coli en- 
zymes, the proportion of 
charge remains the same. 
It appears from the experi- 
ments of Table 2. that 
sRNAco is charged maxi- 

bi stainaiin itt mally within 15 min_ by 

the £. coli enzyme or the 

yeast enzyme, although 

only 65 per cent as much 

leucine is linked to sRN Aco 

by the yeast enzyme. If, 

sss oa ol ono ot however, incubation with 
yeast enzyme for 15 min was 

followed by incubation with 
Fig. 1.—Attachment of C'+leucine to £. coli sRNA by E. coli enzyme for a further 
enzymes from yeast and £. coli. Reaction mixture and kage ‘ 
conditions ante Takin 1. 15 min, the attachment of 
leucine was equal to that 

obtained with /. coli enzyme alone, or with a mixture of Z. coli and yeast enzymes. 

The coding characteristics of differentially labeled leucyl-sRN AK": Weisblum 
et al.7 had observed that sR NAL" appeared to consist of a mixture, which we pro- 
pose to designate sRNAG*" | and sRNA(&" ", that responded to either a poly UC- or 
a poly UG-template. In view of their observation and of our finding only a partial 
charging of sRNAc, by yeast enzyme, we decided to test whether the distinction 
made by the yeast enzyme might sort out one or the other sRNA’s from the mixture 


4 
7 E.coli enzyme 


ion 


incorporat 


mg SRNAQ, 


TABLE 1 
INCORPORATION OF AMINO AcrIDs INTO SRNAco BY YEAST ENZYMES 


Yeast enzyme +-—— E. coli enzyme 
+ 


sRNAye sRNAco sRNAco 
Amino acid (epm) (cpm) (epm) 
Leucine 1409 1350 2080 
Isoleucine 1840 1020 2590 
Lysine 800 320 430 
Serine 560 234 407 
Alanine 580 620 870 
Histidine 400 10 230 
Phenylalanine 700 60 485 
Aspartic acid S60 350 490 
The reaction mixture contained, in a total volume of 0.75 ml: 100 ~M Tris HCl pH 7.4, 16 6M MgCle, 8 uM 
ATP, 16 ~™M GSH, 0.1 we C'-amino acid (10 we/uM), 300 wg of yeast enzyme, 75 ug of EL. coli enzyme, and 0.14 


mg of sRNAco or sRNAye, as indicated. After incubation at 36° for 20 min, the reaction was stopped by addition 
of cold 7% TCA. The precipitate was washed on a Millipore filter with cold TCA, dried, and counted. 
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peemnmnanany” UL (iI) 


UG 4) } SoC) 


no polymer 


20 40 


no polymer 
? Minutes 


Minutes Kia. 3.—Polymer-dependent incorpora- 
tion of C'*-leucine bound to unfractionated 
Fic. 2.—Polymer-dependent. incorpora- E. coli sRNA by yeast enzyme. Re- 


tion of C!4-leucine bound to unfractionated action mixture and procedure as in 
E. coli sRNA by E. coli enzyme. Re- Methods. 0.13 mg of C'*-leucyl4RNAG* 
action mixture and procedure as_ in containing 6,060 cpm was added per 
Methods. 0.1 mg of C'*-leucyl-sRN AK" point. The specific activity of the 
containing 9,750 cpm was added per leucine was 105 pe/uM. 

point. The specific activity of the leucine 

was 105 we/uM. 


TABLE 2 
ForMAtion oF Leveyi-sRKNAco BY ENZYMES FROM E, coli AND YEAST 
Total Incorporation 
incubation C'+-leucine 

Enzyme additions (min) (mpM) 
E. coli enzyme 15 0.27 
“tg 30 0.27 
E. coli enzyme; yeast enzyme after 15 min 30 0.28 
Yeast enzyme 15 0.17 
30 0.16 
Yeast enzyme; £. coli enzyme after 15 min 30 0.28 
Yeast + £. coli enzyme 30 6.25 


The reaction mixture and conditions were the same as those in Table 1, except that each tube contained 0.2 uM 
of 19 amino acids (leucine omitted) and 0.16 mg of sRNAco. 


of sSRNAE. In the experiments presented in Figures 2 and 3, polypeptide forma- 
mation is compared in the poly UC and UG systems. As shown in Figure 2, 
sRNAE" charged with leucine by /. coli enzyme responds equally as well to poly 
UG as to poly UC. It appears, however, (Fig. 3) that the yeast enzyme-charged 
leucyl-sRNA(*" is utilized much more readily for polypeptide formation with the 
UC polymer than with the UG, following essentially the response pattern of the 
countercurrent distribution peak I fraction, sRNAG" , 

When the yeast enzyme selectively charges 65 per cent of leucyl-sRNA having 
UC coding properties, the 35 per cent of remaining sRNAG*" should code with poly 
UG. To prove this, sRNAcg, was incubated with C!*-leucine and yeast enzyme, and 
the C!*-leucyl-sRNA was isolated by the phenol procedure. After dialysis, this 
preparation was tested with yeast enzyme, and no appreciable further charge with 
C'4-leucine was detected. The preparation was then charged with C'*-leucine by 
E. coli enzyme. To minimize nonenzymatic deacylation of the C!*-leucyl-sRNA, 
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this second incubation was carried out at pH 6.6; furthermore, pyrophosphatase 
and myokinase were added to counteract possibilities of enzymatic reversion. 
The coding properties of the sRNA remaining after preliminary incubation with 


C!*-leucine are presented in Figure 4. 


60 


no polymer 


Minutes 


Fic. 4.—Polymer-dependent incorpora- 
tion of leucyl-sRNAG" (unfractionated ) 
prepared by first incubating C!*-leucine 
with yeast enzyme, then C'*-leucine with 
E. coli enzyme. 0.1 mg of C'-leucyl- 
sRNAE* containing 2,800 cpm was used 
per point. Reaction mixture and_ pro- 
cedure as in Methods, except that cacodyl- 
ate buffer pH 6.9 was substituted for 
Tris-HCl. 


It appears that the sRNAE*" left after charg- 
ing with yeast enzyme is analogous to the 
second countercurrent fraction sRNAMY 
and almost exclusively responds to poly UG. 
The yeast enzyme thus reacts only, or at 
least preferentially, with sRNAG&®’', but 
leaves SRNAK" | largely uncharged. 
Separation of the two leucyl-sRNA fractions 
and their coding characteristics: Following 
Apgar et al.,!? we have obtained two distinct 
leueyl-sRNA_ fractions by countercurrent 
distribution. This has made it possible to 
confirm the findings of Weisblum et al.’ of 
an apparently physical basis for code degen- 
eracy, and to show unequivocally that yeast 
enzyme attaches leucine only to the #. coli 
sRNA with UC coding properties. Coding 
properties of peak I and peak II were ex- 
amined after charging with C'-leucine. In 
confirmation of the earlier study,’ peak I 
Was most active with poly UC, whereas peak 
II was most effective for leucine polymeriza- 


tion on poly UG. Polymer-dependent incorporation of leucine bound to peak I was 
identical to that shown for unfractionated sSRNA(" charged by yeast enzyme (Fig. 
3). When transfer efficiency as high as 50 to 70 per cent was obtained, however, a 
significant response to the other polymer was observed, i.e., poly UG for peak I or 
poly UC for peak II. Also, poly U induced measurable response with both peak 
I and peak II fractions. Since the two countercurrent fractions were 100 tubes 
apart, gross contamination is excluded. The possibility, however, that the poly- 
nucleotides used in these experiments have small amounts of bases as contaminant, 
is being examined further. From present tests it would seem that contamination, 
if any, would be too small to explain the effects observed. It was observed, how- 
ever, that five different poly U samples gave varied responses with leucine in con- 
trast to a constant response with phenylalanine. This fact, as well as the recent 
finding of Jones and Nirenberg! of a competition between phenylalanine and 
leucine, suggests caution in interpreting the response of different leucyl-sR NA pre- 
parations in the poly U system. 

The curves in Figure 3 suggest that yeast enzyme charges only peak I sRNAGS". 
A direct test of this is presented in Table 3. Although both peaks can be charged 
by E. colt enzyme, only peak I is charged with leucine by yeast enzyme. During 
our studies we learned that a similar effect has been observed by Keller with rat 
liver enzyme" where leucine could be attached to peak I sRNAI" but not to peak 
II. 

The coding characteristics of yeast leucyl-sRNA (sRNA‘4: When the coding 
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TABLE 3 
CHARGING OF C'-LeuCINE TO PEAK I- AND Peak II-E. coli sRNA py Yeast ENzYME 


" Incorporation 
sRNA mg Enzyme C'!*leucine (epm) 


sRNAK! 0.12 Yeast 430 
0.06 " 240 
sRNAKY 0.14 Yeast 30 
0.07 - 30 


Conditions and procedures as in Table 1. The sRNA samples were isolated by countercurrent distribution 
after 500 transfers. 


Leu 


properties of leueyl-sRNAy." charged with yeast enzyme were determined by the 
method used for sSRNAK" (Fig. 2), a strong response to poly UG and an only slightly 
smaller response to poly UC (or poly U) were observed. Such a redundant response 
might have been expected from the observations of Doctor et al.! who reported the 
separation of two leucine-responsive sRNA fractions in yeast. Although sRNAG%" is 
partially compatible with yeast enzyme, E. coli enzyme did not charge sRNA‘*", 
although a variety of conditions were tried. Yeast enzyme with sRNA¥" thus 
charges both the poly UC- as well as the poly UG-responsive sRNA¥*" fractions, 
but with sRNA(®" this same enzyme preparation charges only, or rather preferen- 
tially, sRNAGS"". 

Tests with a natural messenger RNA: Recently, Nathans et al." showed the for- 
mation tn vitro of f2 virus coat protein by using f2 RNA as messenger in an FL. coli 
ribosomal system. We have found a rather good incorporation of C'*-leucine from 
unfractionated leucyl-sRNAg«, in the f2 RNA-stimulated system deseribed in 
Methods. It can be seen from Table 4 that our system is particularly effective when 
racodylate buffer and a pH of about 7 are used. In experiments, presented in 
Figure 5, C'-leucyl-sRNA prepared from either sRNAK" ! or sRNAK’ " were in- 
cubated with f2 RNA as messenger 
in the system used above; the re- 
sults indicate that the two varieties 
of leueyl-sRNA give incorporation 
with comparable rates into protein. 

The relative amounts incorporated 
in these experiments are about one 
quarter from the C'*-leueyl-sRNA- 
Leu Il and one fifth from sRNAEY |, 
Analogous experiments with leucyl- 
sRNA‘*" and yeast-charged leucyl- 
sRNAE" also showed incorporation 
onf2RNA-primed ribosomes. 5_Kivatog of leucine incopportion fom 

The amount of protein available The components given in Methods were incubated 
from these experiments was not fit QOS mg of C'leueshaRtN AE 040 co 
sufficient to carry out a detailed — 0.37 mg of f2 RNA was added as indicated. 


analysis. The fact that sizeable in- 
corporation of C'*-leucine occurs from either of the two leucyl-sRNA’s, presumably 
the only active C'*-leucines available, make it likely that both leueyl-sRNA’s can 
furnish leucine here for polypeptide synthesis. 

Comments.—Comparable results to Berg et al. have now been obtained with 
sRNAI*" for leucine charging, two thirds responding to yeast enzyme and E. coli, 
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TABLE 4 
IerFECT OF BUFFER AND PH ON F2 RNA-DEPENDENT TRANSFER OF LEUCINE 
FROM C!4-LeucYL-sRN Aco 


C'!*Leu-sRNA —_— ~-Ineorporation . 
added with f2 RNA without f2 RNA 
Buffer (epm) (epm) (epm) 


Tris 16,250 2,650 200 
Cacodylate 16,250 5,900 230 
Cacodylate i.8 16,250 5,700 5,780 220 
Conditions as deseribed in Methods. 0.21 mg of f2 RNA was added as indicated in a final volume of 0.25 ml. 
Incubation was at 36° for 30 min. 


the remaining one third to /. coli enzyme only. The new facet is the resolution of 
the differential response, showing that the yeast enzyme-responsive sRNAK" 
is the peak I sRNA, the sRNAK*" | of Holley. The remainder is the second coun- 
tercurrent peak, which could be charged subsequently and separately with EL. coli 
enzyme. Furthermore, yeast enzyme-charged sRNA(%" will discharge prefer- 
entially on poly UC, while the remainder, analogous to SRNA(&" ", discharges pref- 
erentially on poly UG. 

The sorting out by yeast enzyme of the poly UC-responsive sR N Ac, is surprising, 
since yeast SRNA'" appears to include both the poly UC- and the poly UG-re- 


sponsive SRNA’s as indicated by yeast enzyme-charged leucyl-sRNA¥" discharg- 


ing with both polymers. The fact that in the present study the response of leu- 
cyl-sRNAK™ ! to poly UC and of sSRNA(&" " to poly UG was preferential rather than 
exclusive, and both responded to poly U, may still be explained through our use of 
slightly contaminated polynucleotides. But if that should not be the case, we seem 
to be in need of a better understanding of the enzymatic events during discharging 


of the leucyl-sRNA’s. 

The confirmation and extension of the heterogeneity of the two sRNA’s demands 
all the more reconciliation with the essentially confirmed indications of universality 
of coding at the level of the template, the mRNA. Furthermore, it appears that 
yeast enzyme-charged sRNA¥*" discharges well on {2 RNA messenger, supporting 
the coding crossover between yeast and LF. coli leucyl-sRNA. 

Preliminary experiments indicate that both of the F. coli leueyl-sRNA’s appear 
to feed into polypeptide bond formation with very similar kinetics when f2 RNA 
serves as messenger. Experiments in collaboration with Drs. Zinder and Schwartz 
are in progress to define the type of protein formed and the position of the leucine 
derived from the different leucyl-sRNA’s. Only then will it be possible to compare 
the coding properties of the two sRNA fractions in the polynucleotide and natural 
mRNA systems. 


* This work was supported in part by a grant from the National Science Foundation, and in 
part by grant A-2493 from the National Institutes of Health. 
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BIOPHYSICAL CHARACTERISTICS OF THE RNA-CONTAINING 
BACTERIAL VIRUS R1?* 


By M. D. Enaer, E. A. Stuspss, 8. Mirra, aNp Paut KAESBERG 
DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF WISCONSIN 


Communicated by R. H. Burris, February 20, 1963 


The discovery of a bacteriophage containing RNA! has stimulated considerable 
interest in the isolation and characterization of other RNA-containing bacterial 
viruses. Among those which have subsequently been isolated? is R17. 

The receipt of a sample of R17 and of its host, F. coli K-12 (Hfr, methionine), 

‘from Dr. Angus Graham of the Wistar Institute has enabled us to investigate 
physical and chemical properties of the virus and of its components. R17 appears 


to be eminently suitable for studies of virus structure and synthesis. It is stable, 
can be grown in considerable quantity, and is readily purified. It can be degraded 
to yield protein subunits and stable, high-molecular weight RNA. 

This report concerns intact R17. Investigations of the viral protein and RNA 
will be reported elsewhere. 

Methods.—Growth and purification: R17 was grown on E. coli K-12 (Hfr, methionine~) in 
shake-flask cultures to virus concentrations of 10'? to 10'° plaque-forming units per ml. Cells 
and debris were removed by centrifugation. The pH of the supernatant liquid of the lysate was 
slowly lowered to 4 by the addition of 20°% acetic acid, and the resulting precipitate was removed 
by centrifugation and discarded. Three hundred and fifty gm of ammorium sulfate were added 
for each liter of liquid. The material which precipitated was spun down, taken up in 0.05 M Na 
phosphate buffer, pH 7.0, and subjected to 3 cycles of centrifugation of 15 min at 15,000 rpm 
(discard sediment), and 150 min at 30,000 rpm (resuspend sediment) in the No. 30 rotor of a 
Spinco Model L preparative centrifuge. All procedures were performed at 4°-10°C. The final 
sediment, resuspended in buffer, gave a single symmetrical peak in the analytical centrifuge and 
contained 30-80% of the plaque-forming units present in the original lysate. Its homogeneity 
will be documented in the next section. 

Sedimentation: Sedimentation velocity analyses were made in a Spinco Model E analytica ~ 
centrifuge at 35,600 rpm. The temperature was regulated at 20°C throughout all runs. The ob- 
served sedimentation coefficients were corrected to standard conditions’ and are designated 820,.. 

Diffusion: Diffusion was analyzed in a Spinco Model H electrophoresis-diffusion apparatus 
with Rayleigh optics. Creeth’s* procedure for calculation was used. The diffusion coefficient 
was corrected to standard conditions and is designated Dop,.. 

Ultraviolet absorption: Absorption spectra were determined with a Cary Model 15 spectro- 
photometer. Corrections for light scattering are small and were made by extrapolation from 
the neighboring nonabsorbing region of the spectrum. For most of the biophysical measure- 
ments reported here, concentration was determined by ultraviolet absorption at 260 mu. 
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Partial specific volume: The partial specific volume, #, of the virus was calculated assuming 
the validity of the additive procedure described by Cohn and Edsall Thus, 6 = 2 6; + drwa- 
wRrna Where 5; is the partial specific volume of amino acid residue, 7, dpwa is the partial specific 
volume of RNA (taken as 0.53 ml/gm), w; and wena are the relative abundances in the virus of 
each of the amino acid residues and the RNA, as obtained from amino acid analyses and a deter- 
mination of the RNA content of the virus. 

Chemical analyses: For P determinations, virus samples, along with internal control samples 
containing known amounts of P, were oxidized with H»SO, in the presence of H,O., and then P 
was measured by Gomori’s method.® 

N was measured by the Nessler reaction procedure’ after oxidation of the R17 samples to 
(NH,)SO, with HeSO, and H.O>. 

Results.—Sedimentation: Invariably, preparations of purified R17 exhibited a 
single, symmetric schlieren peak in analytical centrifugation indicative of an 
homogeneous macromolecular material (Fig. 1). A set of runs was made on a 


Fic. 1.—Sedimentation pattern of purified R17 showing a single 
symmetrical peak with no evidence of material at the meniscus. 


sample in 0.05 7 Na phosphate buffer, pH 7.0, at concentrations of 0.408, 0.306, 
0.204, and 0.102%. The corrected sedimentation rate as a function of concentra- 
tion, c (in %), was found to be 


850,» = 78.9 — 7.35 ¢. 


Diffusion: The sample above, at concentration 0.408% in 0.05 M Na phosphate 
buffer, was used for a diffusion experiment. Pictures of Rayleigh fringes were 
taken every 6 hr over a period of 11 days. The temperature was maintained at 
2°C throughout the run. Assays made at the beginning and the end of the experi- 
ment showed that no loss of infectivity had occurred. The observed apparent 
diffusion coefficients, calculated from representative fringe pictures, showed no time 
dependence. Furthermore, apparent diffusion coefficients calculated from various 
fringe pairs showed only a small (and linear) dependence upon Creeth’s parameter 
(Z;*)? indicating that the macromolecular material in the diffusion sample was 
essentially homogeneous. 

The observed diffusion coefficient was 0.728 X 1077 cm?/sec. Correction to 
standard conditions gave at the midpoint of the diffusing boundary 


Dogs” = 1.328 X 10-7 em?/sec. 


Chemical analyses: The ratio of N to P was 5.39. It may be calculated from 
its composition that R17 RNA contains 9.63% P and 16.02% N. It may be 
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‘aleulated from its composition that R17 protein contains 16.5% N (assuming 
that aspartic acid and asparagine content are equal, and that glutamic acid and 
glutamine content are equal). Thus, from the NV/P ratio R17 virus contains 
31.7% RNA. 

Refractive index increment: The refractive index increment was found to be 
1.77 XK 10-4 ml/mg at wavelength 546 my. For this determination R17 concen- 
tration was measured by N analysis. 

Ultraviolet absorption: Figure 2 shows the ultraviolet absorption spectrum of 
R17. The absorbancy of a 1 mg/ce virus 
solution (1 em path length) is 8.20 at 260 mz. 
For this determination R17 concentration was 
measured by counting Rayleigh fringes in the 
diffusion apparatus. 

Irom this absorbancy index, RNA content 
of the virus may be determined provided that 
absorbancy indices for R17 protein and R17 
RNA are known. The former was calculated 
from the abundance of tryptophan, tyrosine, 
and phenylalanine in the protein (known from 
amino acid analyses). The RNA absorbancy 
index appropriate for calculation of RNA con- 
tent is that of the RNA as it exists in the virus. a 
This was determined by hyperchromicity. The 290 
WAVELENGTH (my) 





a 


ABSORBANCY 
> 











absorbancy of a solution of R17 was measured 
at pH 7, 20°C in Na phosphate buffer. The Fic. 2.—Absorbancy plotted against 
absorbancy was measured for an identical Wavelength for purified R17 at a con- 
pee : : é centration of 1 mg/ml in 0.05 M so- 
amount of virus in which the RNA was con- dium phosphate buffer, pH 7. 
verted to the free nucleotide form by heating 
for 24 hr at 37°C in 0.8 N NaOH. The ratio of these absorbancies (after correc- 
tion for protein absorbancy) immediately yields the absorbancy index of the RNA, 
inasmuch as the absorbancy index of the residue portion of the free nucleotides in 
alkaline solution is known. The latter® is 31.5 em?/mg for the case of RI7 RNA 
whose bases are present in the ratios’ G:A:U:C = 26:23:26:25. Thus, the absor- 
bancy index of the RNA as it exists in the intact virus is 22.8 em?/mg. From 
this the per cent RNA in the virus is 34.1. These calculations are shown in Table 
1. Since the RNA content determination from absorbancy indices is more circui- 
tous, we will accept the value from V/P ratio for the subsequent discussion. 
Molecular weight of R17: Molecular weight is given by the Svedberg equation in 
terms of the diffusion coefficient, D, the sedimentation coefficient, s, the partial 
specific volume, v, the absolute temperature, 7’, the gas constant, R, and the solvent. 
density, p. 
RTs 


M= ; 
D(1 — dp) 


The Svedberg equation holds strictly only at infinite dilution. We make the 
usual assumption that the sedimentation and diffusion coefficients have a similar 
concentration dependence and insert their values at 0.204%: 
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0.204% 


peseex 1.328 X 10-7 em?/sece, and 899°, 


20, w 


R, 7, and p are referred to water at 


The partial specific volume is 0.67 ce/gm. 
20°C. Thus, M = 4.19 X 10°. 
Since the RNA content is 31.7%, the RNA weighs 


1.3 X 10° atomic mass units. 


TABLE 1 
HyPERCHROMICITY MEASUREMENTS AND CALCULATIONS FOR R17 Virus 
1.000 arbitrary 


units 


Less protein absorbancy* 1.000 — 0.50 0.950 
390 


Measured absorbancy of alkali degraded R17 virus 
Less protein absorbancy* 1.390 — 0.080 1.310 
Ratio 2/4 0.726 
Calculated absorbancy index of R17 nucleotide residues (at 31.5 em?/mg 
pH 12) 
Calculated absorbancy index of R17 RNA as it exists in the 
intact virus 31.5 X 0.726 
8. Measured absorbancy index of R17 virus .20 em?/mg 
9. Less protein absorbancy* 8.20 X 0. 950 7.79 em?/mg 
10. Per cent RNA in the virus (7.79/22.8) XK 100 = 34, 1% 
* The absorbancy index of R17 protein (calculated from the amino acid composition) is 0.612 em?/mg 
at 260 mu at neutral pH and is 1.6 times this value in alkali. Protein absorption is calculated from 


these values and from the per cent protein in the virus, which is initially assumed, and then replaced 
‘his procedure converges, inasmuch as the protein absorbancy is much 


Measured absorbancy of intact R17 virus at 260 mu 


22.8 cm?/mg 
8 


with the value from line 10. 
smaller than the RNA absorbancy. 


Summary.—The RNA-containing bacterial virus, R17, has been purified. Its 
molecular weight, based on sedimentation and diffusion, is 4.19 K 10% It con- 
tains 1.3 X 10° atomic mass units of RNA. Its absorbancy index is 8.20 cm?/mg. 


We would like to thank Dr. Angus Graham who gave us R17 virus and its host. 


* This investigation was supported by the U. 8. Public Health Service. 
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MOLECULAR FACETS OF MITOTIC REGULATION, IIT. FACTORS 
UNDERLYING THE REMOVAL OF THYMIDINE KINASE*4 


By Yasou Horra AND HERBERT STERN 
DEPARTMENT OF BOTANY, UNIVERSITY OF ILLINOIS, URBANA 
Communicated by David Goddard, March 13, 1963 


In the preceding article,! evidence was presented indicating that the brief and 
transient appearance of thymidine kinase during the mitotic cycle of microspores 
represented a de novo synthesis of at least part of the enzyme protein. The process 
was shown to have all the earmarks of induced enzyme syntheses in bacteria? 
except for the identity of the inducer. The nature of the latter remains unknown 
as does its site of origin. The fact that a transient pool of deoxyribosides forms 
outside the cells immediately preceding the appearance of thymidine kinase in 
the microspores? might be interpreted as signifying that such deoxyribosides do 
provide the inducing substance. Studies on this point have yielded no conclusive 
evidence. Under conditions of anther culture it is possible to reverse the order of 
appearance of pool and enzyme by means of an inhibitor such as azaguanine; 
it is also possible to stabilize the deoxyriboside pool in the presence of ethionine 
while completely inhibiting the appearance of enzyme. The solution to this ques- 
tion would appear to lie in studies of isolated microspores, but such studies have not 
vet been attempted. Instead, a number of experiments were conducted with the 
aim of clarifying the conditions which lead to the disappearance of thymidine kinase 
activity. 

Methods.—The procedures used in these studies are identical with those described 
in the preceding publication. ! 

Results.—Energy requirements for enzyme removal: Despite the strong evidence 
for the synthesis of enzyme protein there may well be some uneasiness about the 
interpretation because of the well-established demonstrations in bacteria that 
induced enzymes persist after removal of inducer and become diluted only as a 
consequence of cell proliferation.2, The comparison, to be sure, is not entirely valid 
since the enzyme would fall under the category of “constitutive” in a population of 
microspores which were not developing in close synchrony. Experiments were 
nevertheless sought which might throw some light on the process underlying the 
disappearance of enzyme. In this connection some early studies of Spiegelman 
and Reiner‘ on galactozymase induction in yeast proved to be pertinent. They had 
observed that induced galactozymase disappeared when galactose was removed from 
the medium, and that such disappearance was not a consequence of dilution due to 
cell proliferation. Moreover, they found that enzyme disappearance could be 
halted if the cells were deprived of their aerobic energy supply. In the light of 
these studies experiments were set up to determine whether the normal disap- 
pearance of enzyme could be halted by subjecting microspores to similar conditions. 
Accordingly, cultured anthers were exposed to dinitrophenol or an atmosphere of 
hitrogen at a time when they were expected to have formed enzyme. The tran- 
sient nature of the enzyme made it advisable to favor earliness of exposure because 
of the possibility that, once the disappearance of enzyme began, it could not be 
halted. The results of these experiments are illustrated in Figure 1. Inall cases (12 
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such series were tested), the 
behavior of — thymidine 
kinase paralleled that of 
galactozymase. An ex- 
tended duration of enzyme 
activity such as that caused 
by anaerobiosis has not 
been observed in the fifty 
or so control runs thus far 
made. The simplest con- 
clusion which may be drawn 
from these studies is that 
the regulated removal of 
enzyme is an energy-requir- 
ing process which cannot 


i024 34 48 56 0 10 be fulfilled under anaerobic 
HOURS 


ENZYME ACTIVITY (cpm) 
8 
°o 














conditions. 


Fig. 1.—Inhibition of thymidine kinase disappearance Regulatory factors in en- 
by blockage of respiration. Each point represents the j cael 
activity of microspores from '/2. anther. Dotted lines are 
control runs. Treatments were begun at the time the of enzvme removal, though 
cultured anthers were expected to have approached the Wes : : 
peak of enzyme activity,' and at that time one anther was energy-dependent, remains 
removed from each culture tube for microspore isolation. obscure and its regulation is 
Subsequent samples were taken at the intervals indicated. 
In the case of nitrogen treatment the culture tubes were 


zyme synthesis: The process 


therefore an open question. 


evacuated 4 times and filled with nitrogen gas. In the case If removal of enzvme has 


of dinitrophenol 600 yg of the reagent were added to 0.2 i liaiiaeiadltd h tl 
ml culture medium 2 days prior to the expected peak in to be induced in much the 
order to allow for lag in penetration. same way as its formation, 


then it should be possible 
to block that removal by the same reagents which inhibit enzyme formation. 
Attempts to disrupt the removal process by treating microspores with azaguanine, 
fluorouracil, or chloramphenicol at various times during the enzyme cycle were 
uniformly unsuccessful. A departure from the normally sharp periodicity was 
only observed in some of the experiments involving the reversal of azaguanine ac- 
tion by guanine. These results, although suggestive of a disturbance in the regu- 
latory mechanism, could be attributed to derangements in the enzyme induction 
process. The problem of finding a means to derange the periodicity other than 
that of a general choking of metabolic processes by anaerobiosis remained. 

Since Taylor et al.’ had observed that breakages in chromosomes could be re- 
paired to some extent after the normal completion of DNA synthesis, we considered 
the use of techniques leading to such breakage as a means of interfering with the 
regulatory process. An assortment of techniques was chosen: X_ irradiation, 
acridine orange, mitomycin C, and fluorodeoxyuridine. ‘The original plan was to 
-ause chromosome breakage at the time of DNA synthesis and then to look for a 
reappearance of thymidine kinase activity. This plan did not materialize be 
-ause it was observed that, with the exception of fluorodeoxyuridine, all the tech- 
niques led to a disruption of regulation prior to the interval of DNA synthesis. 
The ineffectiveness of fluorodeoxyuridine was not surprising, since its untoward 
physiological effects would be expected to arise after the onset of DNA synthesis. 
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The results were nevertheless of interest because, as may be seen in Figure 2, 
fluorouracil was, like azaguanine, a sure inhibitor of enzyme formation, whereas 
the deoxyriboside form had no trace of inhibitory action. 

The assembly of curves in Figure 2 have a single and striking feature in common: 
they are all examples of a breakdown in regulation with greater or lesser degrees 
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Fig. 2.—Disruption of enzyme regulation by agents affecting nucleic acids. Experimental 
arrangement as in previous figures. Arrows or, alternatively, equivalent bud length, indicate 
time of treatment. Enzyme activity expressed as cpm of H*-thymidylic acid per microspores 
from '/. anther. Each tube contained 0.2 ml Hoagland’s solution. Mitomycin C was added 
to a concentration of 100 ug/ml; 5-fluorodeoxyuridine (FUDR), 0.267 mg/ml; 5-fluorouracil 
(Fu) l mg/ml; uracil (U)2 mg/ml. Three different concentrations of acridine orange were used: 
0.1 1.0, and 10 ug/ml; the pH of the medium was 6.3. Radiation doses in roentgens are shown 
adjacent to the corresponding curves. Anthers were irradiated at bud lengths between 46-50 mm; 
no distinctive differences were found between different lengths within this range. Shaded areas 
are typical for control runs. The shape of the area is nearly constant in controls although the 
location of the peak may vary within +1 day. 


of suppression of the enzyme-forming system. At one extreme the level of enzyme 
activity is close to that of inhibited cells; at the other, the level is at least as high 
as that found in control systems. Closer inspection of the curves permits a number 
of other pertinent observations. X irradiation at different times during the few 
days prior to enzyme appearance produced the most assorted pattern of effects. 
Among the 12 series run there appeared to be no relationship between the particular 
time at which the cells were irradiated and the pattern produced. There is an 





S64 BIOCHEMISTRY: HOTTA AND STERN Proc. N. AS. 


obvious relationship between dose and enzyme level, but the temporal dispersion 
of enzyme activity is much the same over a broad level of doses. With relatively 
low levels of irradiation administered prior to enzyme synthesis, it is possible to dis- 
tort the regulatory mechanism without measurably affecting the synthetic one. 

Mitomycin © and acridine orange present a slightly different picture. Both 
of these reagents, if added at times when azaguanine and fluorouracil inhibit en- 
zyme formation, have similar inhibitory effects, although acridine orange is a less 
effective inhibitor than the base analogues even at the highest concentrations used. 
Both these substances, however, have marked effects on regulation if added after 
the time when azaguanine is completely ineffective. The lags in peak activity, 
the twin peaks, and the persistence of intermediate values are entirely foreign to 
normal microspores. No evidence has yet been obtained on the chemical behavior 
of these substances within the microspores, but if current studies in other tissues 
provide any pointer, it is that, among other components, they interact with nu- 
cleic acids. 7 Recent studies strongly suggest that the principal target of these 
compounds is DNA. Distortion of DNA synthesis* ° and a shift in melting point'® 
are the effects reported for mitomycin C. It is difficult to overlook the fact that 
inhibitory reagents which act on the synthesis of RNA or protein are ineffective in 
disturbing regulation. That enzyme synthesis and regulation of that same syn- 
thesis are separable processes is patent from these results. What has deeper signifi- 
cance, even though tenuously based, is the possibility that the normal process of 
regulation, so incisively described by Jacob and Monod"! can be interrupted by ef- 
fecting an abnormal complex with DNA. It is important to emphasize the restricted 
sense in which the phrase “‘disturbance of regulation” is used. The frame of refer- 
ence throughout these studies has been the events occurring during an interval of 4-5 
days which represents a small slice of cellular interphase. In other studies related 
to mitosis proper, we have found that microspores treated with azaguanine even- 
tually overcome the inhibition and develop normally after an extended period of 
delay.'? Such delay could be justifiably defined as a disturbance of regulation 
even though the specialized regulatory mechanism is not involved. 

Discussion.—As indicated in the introduction to the preceding paper,! the aim of 
these studies has been to throw some light on the general features of mitotic regula- 
tion and not on the specific role of thymidine kinase. The aim would be presump- 
tuous were it not for the fact that in other studies of meiosis and mitosis in lilia- 
ceous plants the evidence, though still superficial, points in the one direction—that 
many of the sequential events in this cycle are suppressible by interference with RNA 
or protein synthesis.'? Such evidence, together with that from microbial studies 
on the lack of an obligatory relationship between the presence of kinases or poly- 
merase and in vivo replication of the chromosome, make it highly probable that, 
however integrated a process mitosis may appear to be under normal conditions, 
it is a composite of individually regulated molecular systems held together by a set 
of regulatory devices. It is well beyond the scope of this communication to con- 
sider whether in any particular type of cell the ultimate regulation of mitosis re- 
quires a simultaneous regulation of all the component systems; on a priori grounds 
this need not be so, and on experimental grounds it is probably not so. The tissue 
chosen for study is perhaps an extreme example of regulation along the time axis of 
a cell’s life, but it is precisely for this reason that the choice was made. The ques- 
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tion was how intracellular events might be regulated and not which events are 
so governed. The regulation is given and we have sought to understand it. What- 
ever understanding has been achieved would have been impossible without the fer- 
tile field of reference supplied by molecular studies of biology. The interpretation 
here provided can at best be no better than the implicated molecular concepts. 

In the context of modern molecular studies bridging the potentialities of the 
genotype with the actualities of the phenotype, one of the challenges presented 
by the cells of multicellular organisms is to explain how common molecular 
mechanisms account for their distinctive patterns of behavior. The handmaiden 
of bacterial growth—the logarithmic plot—gives many metazoan cells only transi- 
tory attention. Microspores neatly illustrate the point and make plain the wide- 
spread fact that cells have an inherent capacity to alter their physiological com- 
plexion along the axis of time. The alteration may lead to division or differentia- 
tion; these studies happen to be concerned with division. Underlying the com- 
plicated heap of intra- and extracellular factors which govern the life histories of 
cells, a few basic mechanisms have been made evident in these experiments: 

(1) Alterations at a fixed point in time can arise as a consequence of specific 
gene activation. The conclusion is based on the observations that the character- 
istics of enzyme appearance are identical with those of induced enzyme synthesis 
in microorganisms. 

(2) Activation of such genes need not be (and, in these studies, is not) a direct re- 
sponse of those same genes to the intracellular environment. This conclusion is 
based on the dissociability of synthetic activity from the temporal regulation of that 
activity. 

(3) The experiments furthermore point to the probability that interference with 
regulation is achieved by a complexing or alteration of an already formed nucleic 
acid molecule. In light of Jacob and Monod’s hypothesis, it is tempting to assign 
the locus of action to the chromosome. On the whole, it would appear that mitosis 
should be moved from the category of a special mechanism to that of a special ex- 
pression of a general mechanism. 

Summary.—The removal of thymidine kinase some 6—12 hr after its synthesis in 
lily microspores may be inhibited by subjecting the cells to anaerobic conditions. 
Regulation of the enzyme-forming and removal system is drastically upset by the 
following agents: X rays, acridine orange, mitomycin C. 

* This work was supported by grants from the National Science Foundation (G15947) and U.S. 
Public Health Service (GM07897 ). 

t Abbreviations: DNA, deoxyribonucleic acid; RNA, ribonucleic acid. 
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IONIC EFFECTS ON THE PHOTOCHEMICAL ACTIVITY OF 
BACTERIAL CHROMATOPHORES 
By J. W. Newton 


THE PIONEERING LABORATORY FOR MICROBIOLOGICAL CHEMISTRY (U.S. DEPARTMENT OF 
AGRICULTURE ), PEORIA, ILLINOIS 


Communicated by Martin D. Kamen, April 8, 1963 


Photosynthetic bacteria can be disrupted to yield subcellular particles, termed 
chromatophores, that contain the pigment complex of the cell. Isolated chroma- 
tophore particles catalyze a number of light-activated electron transfer reactions 
and also photosynthetic phosphorylation. Chromatophores appear to be derived 


from membranous constituents of the cells.! 

Recently, investigation of the photochemical activity of chromatophores from 
Rhodospirillum rubrum revealed variable induction periods in their light-activated 
electron transfer reactions. Conditions that eliminate and produce the induction 
periods are such as to indicate that light-induced conformational changes take place 
in the bacterial particles. Such changes must precede detection of photochemical 
activity with added redox systems. 

Methods.—Chromatophores were isolated by conventional methods? from R. 
rubrum. Disulfide photoreduction was assayed as previously described.’ All 
assays were performed spectrophotometrically with either Thunberg cuvettes or 
standard optical glassware. The vessels were illuminated with incandescent bulbs, 
which provided a light intensity of approximately 1000 ft-c in the reaction mixture. 
Photooxidase assays were performed in open cuvettes with ascorbate-reduced 
2,6-dichlorophenol indophenol as substrate. Photophosphorylation was assayed 
with the coupled spectrophotometric method of Frenkel.‘ 

Results.— The induction period: Figure 1 shows the induction period in chroma- 
tophore photoreduction of the aromatic disulfide, 5-5’ dithiobis-2-nitrobenzoic acid 
(DTNB). This induction, which lasts for approximately 4 to 8 min under these 
conditions, is completely eliminated in media of high ionie strength. KCl, NaCl, 
calcium, magnesium, and ammonium salts, as well as a variety of phosphates and 
sulfates, have been used. The salts were generally added in solution buffered with 
0.2 \/ tris-hydroxymethyl amino methane chloride; however, similar behavior was 
noted in phosphate buffered solutions with phosphate as sole anion. 

That media of high ionic strength stimulate a light-activated process is seen from 
the data in Figure 1. This result was confirmed in other experiments in which 
higher concentrations of ascorbate and viologen dyes produced a dark reduction of 
the disulfide* unaffected by salt. Salt concentrations up to u = 1.2 had no effect on 
dark electron transfer reactions of chromatophores, e.g., neither succinic dehydro- 
genase nor diaphorase activity displayed induction periods. Figure 1 also illustrates 
that the ultimate rate of the photoreduction was relatively uninfluenced by the 
presence of salts. These results suggest that during induction the particles required 
some modification for manifestation of photochemical activity. Subsequent ex- 
periments were. designed to elaborate this possibility. 

That the induction in photoreduction reactions might have beeu caused by 
residual inhibitory amounts of dissolved oxygen in the reaction vessels was ruled 
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out by the following observations. The dissolved oxygen in reaction mixtures was 
determined polarographically; in media of high ionie strength the photoreduction 
reactions proceeded without a lag phase even in the presence of relatively large 
concentrations of dissolved oxygen. Furthermore, high concentrations of a variety 
of other solutes failed to eliminate induction periods; i.e., 1 1/7 sucrose, 6 M urea, 
and polyhydrie alcohols at various concentrations did not eliminate the induction 
period. In fact, nonionic media extended the period, as discussed below. Finally, 
data in Figure 2 showed an induction period in the photooxidation of leuco indo- 
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Fig. 1.—Photoreduction of the aro- 





matic disulfide, DTNB, by Rhodospi- 
rillum rubrum chromatophores in media 
of high and low ionic strength. The 
reaction mixtures contained in 3 ml of 
0.2 M tris buffer pH 7.5, 0.1 ml of a 
chromatophore preparation having an 
O.D.at 880 my of 40, 20 umoles ascorbate, 
1 ymole DTNB, 0.1 umole 2,6-dichloro- 
phenol indophenol, and 2 umoles methy! 
viologen. Atmosphere, helium. The 
ionic strength was increased by addition 
of buffered (NH,)oSO, to the cuvette. 
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Fig. 2.—Photooxidase activity of chro- 
matophores in media of high and low ionic 
strength. Open cuvettes contained in 3 
ml 0.2 M tris buffer pH 7.8, 0.05 ml (O.D. 
SSO 52) chromatophores, and 1 ymole 
ascorbate-reduced 2,6-dichlorophenol — in- 
dophenol. The optical density of oxidized 
dye was measured at 600 my. The ionic 
strength was increased with (NH,)oSO,. 


The reaction was followed  spectro- 
photometrically, and the absorption 
maximum of the thiol form of DTNB 
was measured at 412 my. 


phenol that was eliminated by salt; hence, the induction period was also present 
even when oxygen was consumed. 

It was concluded therefore that the induction period was not a result of oxygen 
It was found that most anaerobic reactions of bacterial chromatophores 
Hence, all 


inhibition. 
took place under aerobic conditions in media of high ionic strength. 
subsequent experiments were performed with open cuvettes although the induction 
period could be demonstrated equally well under strictly anaerobic conditions. 

Data in Figure 3 show that the induction period in disulfide photoreduction was 
inversely proportional to ionic strength over a considerable range. However, the 
reaction rate was relatively unaffected by salts except at very low concentrations. 
The induction was freely reversible, as seen in Figure 4. 

Relation to electron flow: That the process occurring during the induction period 
might be related to photochemical electron transport was suggested by the observa- 
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Fig. 4.—Reversal of induction pe- 


Fig. 3.—Effect of ionic strength on riod in disulfide photoreduction. Re- 
length of induction period, the disul- action mixtures in open cuvettes 
fide photoreduction. Open cuvettes contained 0.05 ml chromatophores, 
contained 0.2. ml chromatophores O.D. 880 me = 45, 20 yumoles 
O.D. 880 = 40, 20 umoles ascorbate, ascorbate 0.1 ~mole indophenol, 0.5 
0.1 wmole indophenol, 1  ymole umole DTNB, and 2 ymoles methyl 
DTNB, and 2 pmoles methyl violo- viologen. Reactions were started 
gen in 3 ml 0.02 M tris buffer pH 7.5. in 1 ml of potassium phosphate 
The ionic strength was increased by buffer, 0.56 M, pH 7.5, and diluted 
increasing tris-chloride concentra- to the same or lower molarity at 
tions. times indicated. The curves are 
corrected for optical density and 
rate changes on dilution. 


tion that the induction period in disulfide photoreduction could be eliminated by 
preincubation of chromatophores in the light with an electron donor system (Fig. 5). 
This result indicated that reductive light-induced electron flow induced conditions 
in particles required for manifestation of photochemical activity similar to those 
effected by media of high ionic strength. 

Relation to photophosphorylation: Krogmann and Jagendorf* found that photo- 
phosphorylation in spinach chloroplasts could be “uncoupled” from electron flow to 
certain oxidants by pre-exposure to high salt concentrations. In their studies un- 
coupling was irreversible. Figure 6 shows that cyclic bacterial photophosphoryla- 
tion was reversibly inhibited by media of high ionie strength. Furthermore, in- 
hibition occurred at the same concentration of salts necessary to eliminate the indue- 
tion periods in photochemical electron transfer. It should be noted that cyclic 
photophosphorylation did not show an induction period at low ionic strength. 

These findings suggest a relationship between the energy capture system for 
photophosphorylation and the events occurring during the induction period. This 
relationship is obscure at present. However, in experiments not discussed in this 
report, it has been observed that antimycin A, which effectively inhibits “cyclic” 
photophosphorylation without suppressing a “noncyclic”’ system,® has no effect on 
the induction period although it does greatly stimulate the rate of disulfide photo- 
reduction. 

Extension and production of the induction period: In contrast to the elimination 
of the induction period by media of high ionic strength, nonionic solutes, e.g., al- 
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Fic. 5.—Influence of preincubation 
conditions on induction period. Com- 
plete mixtures contained in 3.0 
ml 0.2 M tris-chloride pH 7.5, 20 
umoles ascorbate, 0.1 ymole in- 
dophenol (DPIP), 2 uwmoles methyl 
viologen, and | ymole DTNB. 
Chromatophores, 0.1 ml O.D. 880 = 
40, in buffer were preincubated in 
light and dark 10 min with and 
without ascorbate and DPIP. At 
zero time the other constituents of 
a complete reaction mixture were 
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Fic 6.—Rates of photophosphory- 
lation at different phosphate molarity; 
reversible suppression. Reaction mix- 
tures contained in 3.0 ml phosphate 
buffers pH 7.8, 0.1 ml chromato- 
phores, O.D. 880 mu = 44, 9 umoles 
ADP, 10 umoles glucose, and 1 pmole 
MgCl.. At assay points 1 mg yeast 
hexokinase, 2 units zwischenferment, 
and 3 wmoles NADP were added, and 
the optical density at 340 my was 
measured in diluted aliquots of the 


added from the side arms of anaerobic sume ionic strength. 
(helium) cuvettes; the reaction was 


followed spectrophotometrically. 


cohol, acetone, extended induction or produced induction periods even in high ionic 
The anionie detergent sodium dodecyl! sulfate (SDS) reacted similarly, but 
Figure 7 shows the induction in disulfide photo- 


media. 
not cationic detergents tested. 
reduction imposed by SDS in media of high ionic strength. 

When SDS was added to particle preparations in media of low ionic strength, 
there was a rapid dissolution of the chromatophore attended by extensive destruc- 
tion of the pigment system and loss of photochemical activity. Dissolution of 
altered cell forms of R. rubrum by SDS had been noted by Tuttle and Gest.! How- 
ever, if the induction period was eliminated by light preincubation with an electron 
donor system, the particles were protected against inactivation by detergent. Data 
in Figure 7 show the complete inhibition of disulfide photoreduction by SDS added 
before induction. In contrast, addition of detergent after induction was completed 
had little effect on the reaction, although the rate eventually declined in detergent 
solutions at low ionic strength. 

Discussion.—The results described can be interpreted in terms of conformational 
changes which occur in the photochemical apparatus during an induction period. 
Conditions for producing and eliminating the induction period and its reversibility 
indicate that a process coupled to electron flow is occurring during induction. That 
the process is related to structural changes in the chromatophore is indicated by ex- 
periments with SDS, which causes extensive dissolution of chromatophores in the ab- 


sence of light-induced electron flow. This phenomenon is being investigated further. 
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Sodium Dodecyl Sulfate It has long been recognized that 
ayy 3 : ~~ | the photochemical apparatus con- 
tains lipid intermixed with protein 
constituents. Relatively _ little 
insight, however, has been gained 
into the precise nature of the in- 
teractions of these components. 
In recent years, investigation of 
’ protein structure has led to the 
L sps Fi f concept that hydrophobic inter- 
A Rear / $05 J actions perform an important 
lil \ mio < ae _| function in maintaining protein 
5 5 


oS ” structure.’ This concept has 
Time, Minutes 

















____ been extended to interactions in 
Fig. 7.-Effeets of sodium dodecyl sulfate (SDS) mammalian subcellular svstems 
on induction period and disulfide photoreduction at : 2 : 
different ionic strengths. Reaction mixtures contained by recent work from Green’s 
in 3.0 ml 0.1 M tris-chloride pH 7.8, 0.1 ml chromato- laboratory... Tonie media, which 
phore with O.D. 880 = 52, 10 uwmoles ascorbate, 0.2 - ae 
umole indophenol, 2 wmoles methyl viologen, and 1 strengthen hydrophobic bonds, 
umole DTNB. Tonic strength was adjusted with eliminate the photochemi val in- 
(NH,)2SO,. At the times indicated, 1 mg detergent és : 
was added. duction period; nonpolar re- 
agents, which weaken hydro- 
phobic interactions, produce or extend the induction period. It is suggested 


therefore that hydrophobic interactions dominate in the process which immediately 


precedes manifestation of photochemical activity in bacterial chromatophores. 
That charge repulsion effects may also participate is suggested by the high efficiency 
of anionic detergent interaction with the particles. Furthermore, from the stand- 
point of comparative biochemistry, it is significant that SDS isa most effective rea- 
gent for dispersion of hydrophobically interacting mitochondrial components in 


aerobic respiratory systems of mammalian cells. 


! Tuttle, A., and H. Gest, these ProceEDINGs, 45, 1261 (1959). 

2 Newton, J. W., in Methods in Enzymology, ed. S. Colowick and N. O. Kaplan (New York: 
Academic Press, 1962), vol. 5, p. 73. 

3 Newton, J. W., J. Biol. Chem., 237, 3282 (1962). 

‘Frenkel, A. W., in The Photochemical Apparatus, Its Structure and Function, Brookhaven 
Symposia in Biology, No. 11 (1958), p. 276. 

5 Jagendorf, A. T., ibid., p. 236. 

§ Nozaki, M., K. Tagawa, and I). I. Arnon, these PROCEEDINGS, 47, 1334 (1961). 

7 Kauzmann, W., Advances in Protein Chem., 14, 1 (1959). 

8 Criddle, R.S., R. M. Bock, D. E. Green, and H. Tisdale, Biochem., 1, 827 (1962). 





THE PHOSPHORYLATION OF ALKALINE PHOSPHATASE* 
By James H. Scowarrz 
THE ROCKEFELLER INSTITUTE 
Communicated by Fritz Lipmann, April 25, 1963 


The phosphorylation of alkaline phosphatase from FE. coli by orthophosphate 
has the characteristics expected of a reaction at the active center of the enzyme. 
Phosphate is fixed to the hydroxyl group of a particular serine residue in the en- 
zyme.':? The amino acid sequence of a tetradecapeptide containing the reactive 
serine residue has been reported. This phosphorylation requires enzymatically 
active phosphatase; phosphate esters, as well as inhibitors of phosphomonoesterase 
activity, interfere with the fixation of orthophosphate by the enzyme,': ? and ester 
phosphate and orthophosphate both phosphorylate the same serine residue in 
the enzyme.” This paper describes experiments bearing on the mechanism of action 
of alkaline phosphatase. 

Experimental.—Alkaline phosphatase was purified from EF. coli and assayed as previously de- 
scribed.'!: * Measurements of activity were used to derive amounts of enzyme, using the turnover 
number reported by Garen and Levinthal.‘ Orthophosphate containing P*? (Oak Ridge National 
Laboratory, preparation P-1) was boiled before use for 30 min at 100°. Inorganic phosphate was 
estimated by the method of Fiske and SubbaRow.® Radioactivity was determined in a windowless 
gas-flow counter (Nuclear Chicago); KH.PO, with 2.66 atoms per cent excess O'' was obtained 
from Mildred Cohn. The O content of phosphate was determined by mass spectrometry after 
reaction of KH»PO, with guanidine-HCl.® 

Experiments with P**-phosphate: The specific activity of the phosphate was approximately 107 
cpm/umole. The concentration of enzyme in all incubations was 3 mg/ml (384M). Tris-acetate 
and Tris-formate buffers were used at a concentration of 0.1 37 with respect to Tris; Tris-citric 
acid buffers were 0.1 M with respect to citric acid. The enzyme was inactivated after incubation 
with phosphate by the rapid addition of 5.7 N HCl to a final pH of 0.5, and was precipitated with 
4 vol of cold acetone. The precipitates were washed once with the same amount of acetone con- 
taining 0.02 N HCL? 

After residual acetone had been removed in vacuo at room temperature, the dried precipitates 
were hydrolyzed in 0.3 ml of 2. NV HCl on a steam bath in sealed tubes. After 12 hr the tubes were 
opened and HCl was removed in vacuo. One-tenth ml of water was added; 10 ul samples were 
electrophorized at pH 3.1.' The radioactivity in serine phosphate was located on the electrophero- 
gram by radioautography! and cut out for mounting on metal planchets. Radioactivity was 
counted on the paper; counting in this manner was reproducible and 80°; as efficient as counting 
the same amount of radioactivity directly on the metal planchet. The measurements of radioac- 
tivity in serine phosphate-P*? were used to calculate the amount of phosphorus originally fixed 
to protein, multiplying by an experimentally determined correction factor of 2.8 to compensate 
for the decomposition of serine phosphate during acid hydrolysis. The mole ratio of phosphate to 
enzyme was calculated from the specific activity of the phosphate initially put into the phosphoryl- 
ating mixture and the amount of enzyme as estimated by its activity. The value of the correction 
factor does not. alter rapidly between 10 and 20 hr of hydrolysis. At 10 hr the radioactivity present 
in the hydrolysate as free serine phosphate represented 40°, of the radioactivity originally fixed to 
protein. This fraction decreases linearly with time, and at 20 hr is 30°). The rest of the radioac- 
tivity is present as inorganic phosphate and phosphopeptides. 

Experiments with O8-phosphate: Wither 1.5 mg or 15 mg (0.19 wmoles) of alkaline phosphatase 
were incubated in 3 ml of 0.1 M Tris-acetate buffer at pH 4.6, 5.8, or 9 with 0.01 7 potassium phos- 
phate enriched with O'8. After incubation at 30° for 30 min or 300 min, the enzyme was inacti- 
vated by the addition of 0.2 ml of 5.7 N HCl. Allof the following operations were carried out at 0° 
or 4°, Enzyme was precipitated when 1 ml of 20° trichloroacetic acid was added, and the super- 
natants were saved. Precipitates were washed once with 1 ml of 5°; trichloroacetic acid, the su- 


S71 
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pernatants were pooled, made alkaline to phenolphthalein with a freshly prepared solution of KOH, 
and 0.1 ml of 1 M BaCl: was added to precipitate the phosphate. The precipitates were washed 
once with 2 ml of 0.04 M BaCl made 0.05 V in KOH, after standing for 1 hr, and were dissolved in 
0.2 ml of 2 N HCl to be precipitated again by adding KOH. Newly precipitated samples were 
washed and dissolved in acid as before. Enough KOH was added so that samples became yellow- 
ish-green on testing with Brom Cresol Green, indicating a pH just above 4. Barium was removed 
by ion exchange using 0.5 ml of Dowex 50-X8 (200-400 mesh) in the potassium form, suspended in 
water (approximately 0.16 gm of dry resin), and added with stirring. Suspensions were filtered 
through small sintered glass funnels, and the filtrates containing KH2PO, were collected and ex- 


haustively dried. 

Results.—Experiments with P**-labeled phosphate: The equilibrium amount of 
phosphate fixed by alkaline phosphatase during incubations at 0° with saturating 
orthophosphate is shown in Figure 1. Included in the figure for comparison is 


Relative velocity 


O-O-—0 = 1.0 


Moles P 
Moles Enzyme 
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Fic. 1.—Phosphate fixation and enzymatic activity of alkaline phos- 
phatase as a function of pH. Phosphate fixation (— @— @—.) is the mole 
ratio of phosphate to enzyme after incubation with | mM P#-orthophos- 
phate at 0° for 15 min in Tris-acetate buffers pH 4.6 to pH 9, and Tris- 
formate buffers pH 3.5 to OH 4.2. Relative velocity: the initial rate of 
hydrolysis of 0.01 M 6-glycerol phosphate in 0.1 M Tris-acetate buffers 
was followed by the appearance of inorganic phosphate at 30°. The 
ratio of the maximal velocities obtained at the various values of pH 
to the velocity in the optimal pH range are plotted (—O—O—). 


the pH-dependence of the maximal rate of hydrolysis (Vmax) of 6-glycerol phosphate 
at 30°. Under alkaline conditions, optimal for hydrolysis, little phosphate was 
fixed. With decreasing pH, increasing amounts of phosphoryl enzyme were 
formed, reaching an optimum around pH 4. The proportion of phosphate fixed 
to enzyme varied from 0.5 to 1.2 moles of phosphate per mole of enzyme. Phos- 





Vou. 49, 1963 BIOCHEMISTRY: J. H. SCHWARTZ 


Moles P 


Moles enzyme 


506 


pH 


Fiq. 2.—Phosphate fixation as a function of pH. Enzyme was incu- 
bated at 0° for 15 min in 0.1 M buffers with 1 mM P**-orthophosphate. 
Tris-citrate was used as buffer from pH 1.8 to pH 6, Tris-formate from 
pH 3.5 to pH 4.2, and Tris-acetate from pH 4.6 to pH 9. No signifi- 
cant differences were found in the results when different buffers were 
used at the same pH. Brackets indicate the absolute variation in 5 
to 6 determinations. 


yhate fixation studied over a wider range of pH is shown in Figure 2. Measure- 
g 


ments made between pH 3 and pH 5 were the least reproducible, probably because 
the enzyme is partly out of solution in this range due to isoelectric precipitation,‘ 
and }ecause it is inactivated by dissociation into subunits under the influence of 
acid? For these reasons, the following experiments were carried out above pH 5 
even though phosphate fixation was not optimal. 

With the quantity of enzyme protein convenient for isolation by precipitation 
(1 mg), the formation of phosphoryl enzyme was almost instantaneous (Fig. 3). 


o 
w 
r 








Fig. 3.—Time course of phos- 
phate fixation at pH 5.5. Enzyme 
was incubated at 0° in Tris-acetate 
buffer pH 5.5, with 1 mM P#*-ortho- 
phosphate. Samples were removed 
and inactivated at the times indi- 
cated. 
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Fixation of phosphate by the enzyme depended on the concentration of ortho- 
phosphate, as shown in Table 1. The enzyme was saturated between 1 and 10 
mM. At a given pH, the equilibrium amount of phosphoryl enzyme was not 
markedly increased by increasing the phosphate concentration above 1 mM, as 
shown in Table 2. About 70 per cent saturation was obtained at 1 mM phosphate. 
A 10-fold increase in the phosphate concentration did not increase the amount 
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TABLE 1 TABLE 2 
DEPENDENCE OF PHOSPHATE FIXATION ON CONCENTRATION DEPENDENCE AND PH 
CONCENTRATION OF ORTHOPHOSPHATE 
P.(mM) Mole P/ mole enzyme Moles P)’moles enzyme 
pil P. (mM) l 10 
0.1 0.19 e 
1.0 0.52 2 0.40 0.538 
10 0.66 . 6 0 35 0 50 
») 0.69 I 0.023 0.036 
Enzyme was incubated at 0° with 1 and 10 mM 


P?orthophosphate for 15 min in Tris-citrate but- 
fers at the values of pH indicated. 


Enzyme was incubated at 0° in Tris-citrate buffer 
pH 5.2 for 15 min with the concentrations of P*- 
orthophosphate indicaied. 


TABLE 3 TABLE 4 
QUILIBRATION OF IE.NZYME-BOUND P**- wir COMPARISON OF THE RATES OF PQO,'S TuRN- 
P®'-ORTHOPHOSPHATE AT 30° OVER WITH Vy, OF HypROLysiIs aT VARIOUS 
Time after epm in VALUES OF PH 
addition of serine oy ae 


P(\3! (min) phosphate pH mV 1.5 mg 15 mg 


‘ 
2,400 9 100 0.035 0.013 
— 5.8 14 0.67 0.17 
209 4.6 1.4 0.56 0.30 
Is4 
156 The enzymatic activity at the indicated values of 
9 196 pH relative to the maximal velocity of hydrolysis of 
, 8-glycerol phosphate at the pH optimum (% V) was 
30 192 determined from the measurements of activity pre- 
Calculated 228 sented in Fig. 1 (relative velocity). The ratios of 
the rates of O'%-phosphate turnover to the maximal 
See text. Enzyme was incubated at 30° in 1 ml velocities of hydrolysis at a given pH (N/Vmax) were 
of Tris-acetate buffer pH 5.5 with 1 mM_ P32-ortho- calculated from the values of N presented in Fig. 4 
phosphate. After 15 min, an equal volume of buf- for the incubations with 1.5 mg of enzyme for 30 
fered P3!-orthophosphate at 30° was added to bring 
the concentration of orthophosphate in the mixture 
to 10.5 mM. Samples were removed at the times 
indicated. Infinity was calculated by dividing the 
number of counts in serine phosphate at zero time by 
10.5. 


min and for the incubations with 15 mg of enzyme for 
300 min. The hydrolytic activity of these amounts 
of enzyme at the various values of pH was deter- 
mined from measurements of activity carried out in 
the same way as those presented in Fig. 1 


fixed, and this was true even at pH 7.1 where this amount was much less than one 


phosphate per mole enzyme. 

Phosphorylation of the enzyme was reversible on dilution, as has already been 
shown,' and the greater quantity of phosphate fixed at a lower pH was released at 
higher pH. The P**-phosphate fixed by the enzyme was exchangeable with un- 
labeled orthophosphate, as shown in Table 3. After a preliminary incubation 
for 15 min at pH 5.5 with 1 mM P**-phosphate, unlabeled phosphate was added 
to dilute 10.5-fold the specific radioactivity of the phosphate already present. 
Samples were taken at intervals, hydrolyzed, and assayed for radioactivity in serine 
phosphate. Equilibration was complete within 15 seconds after the addition of 
the unlabeled phosphate. 

Experiments with O'8-labeled phosphate: Phosphorylation of the enzyme was 
best at low pH and, as estimated by P**-phosphate fixation, hardly occurred at 
all under conditions optimal for enzyme activity. The use of orthophosphate 
enriched with O'’ permits detection of the phosphorylation reaction under alkaline 
conditions where P*?-phosphate fixation is poor. Greater sensitivity is achieved 
when O'’ is used as an isotopic label, since phosphate turnover rather than phos- 
phate fixation is measured, and because changes are measured in the large ortho- 
phosphate pool rather than in the much smaller amount of phosphorylated en- 
zyme. 

Alkaline phosphatase has been shown previously to catalyze a relatively slow 
incorporation of the oxygen atoms of H,O'8 into orthophosphate.':§ In the earlier 
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studies, small quantities of the enzyme were used, and the reaction was measured 
only under alkaline conditions optimal for enzymatic hydrolyses. In the present 
study, this exchange reaction was examined using large quantities of enzyme at 
three different values of pH. As shown in Figure 4, these amounts of enzyme not 





fi 5) arr 2 Gere 


Enzyme (mg) 
| 
| 











Time (min, ) 


_ 








boa 


Hy | 
| | os | bog 1,24 

36 0.5 wa | 8 -< 2. | 

—— | | Bese resis Meo 
Fic. 4.—For conditions of incubation, see Experimental. In the 
columns headed by PO," are tabulated the atoms per cent excess of O'* 
in KH,PO, reisolated after incubations with the indicated quantities of 
enzyme. N is the number of cycles of phosphate turnover calculated 
from the formula of Cohn and Drysdale.'* The initial content of O'% 
in KH.PO, was 2.66 atoms per cent excess. The KH,PO, reisolated 
after addition to 15 mg of acid inactivated enzyme contained 2.36 
atoms per cent excess. Data from experiments with 15 mg of enzyme 
were corrected accordingly by subtracting 0.3 atoms per cent excess. 
Since it was assumed that the lowering of the specific activity of the 
KH.PO,, reisolated after it had been mixed with the large amount of 
inactivated enzyme, was caused by contamination with organic material, 
data obtained in experiments with the smaller amount of enzyme were 
corrected by subtracting only '/i9 of the blank, i.e., 0.03 atoms per cent 

excess. 





only catalyzed loss of O'* from O'%-orthophosphate, but also catalyzed a number 
of complete cycles of phosphate turnover. The variation in rate with the time 
of incubation and with the concentration of enzyme apparent in Figure 4 was not 
due to a loss of enzymatic activity during incubation. No more than 12 per cent 
of the activity was lost, and that only at pH 4.6. 

The rates of phosphate turnover, measured with O'-orthophosphate, are com- 
pared in Table 4 with the maximal rates of enzymatic hydrolysis of 6-glycerol 
phosphate at various values of pH. At pH 9, the rate of turnover was less than 4 
per cent of the rate of ester hydrolysis. With decreasing pH, the two velocities 
approached each other. 

The rate of phosphate turnover measured with O'-orthophosphate can also 
be compared to the rate of turnover estimated from the equilibration experiment 
already presented in Table 3. For example, the number of cycles at pH 5.8 (Fig. 4, 
last column) represents the turnover of 147 uwmoles of O''-phosphate in a half time 
of 15 min, so that the half time for 0.19 umoles of phosphorylated enzyme, the 
quantity of enzyme used in this experiment, would be approximately 1 second; 
this time is consistent with the longest time for a full turnover of P**-phosphate at 
pH 5.5, that is, less than 15 seconds. 

Discussion.—It has been presumed for a long while that ester hydrolyses cat- 
alyzed by nonspecific phosphatases occur in two catalytic steps. The first step 
is the phosphorylation of the enzyme by substrate with the loss of the alcohol 
group; the second is the hydrolysis of the phosphoryl enzyme. This mechanism 
was advanced by R. K. Morton* to explain the phosphoryl] transferase activity 
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of the enzymes, and has been supported by the observation that substrate is hy- 
drolyzed by alkaline phosphatase at the P-O bond," which is to be expected if, 
indeed, the phosphoryl group is transferred. For the bacterial enzyme, the sim- 
ilarity in the maximal rates of hydrolysis of different substrates with a wide variety 
of substituents! also supports a mechanism in which the rate-limiting reaction is 
the hydrolysis of the common intermediate, phosphoryl enzyme. 

It seems reasonable to suppose that the serine residue, which is phosphorylated 
by orthophosphate, is directly involved in the catalytic mechanism of the enzyme, 
and that its hydroxyl group acts as a nucleophilic agent. The assumption that 
this serine participates in catalysis is not proved, since the information that im- 
plicates it relies solely on degradative methods. However, it is supported by 
analogy with a group of hydrolases that are inhibited by diisopropylfluorophosphate 
(DFP).'* The analogy seems particularly appropriate since the sequence of amino 
acids around the reactive serine in alkaline phosphatase has been shown to resemble 
closely the sequence around the active sites of those hydrolases.* The phosphoryla- 
tion of alkaline phosphatase by orthophosphate is favored at low pH, as is the 
acylation of the reactive serine in chymotrypsin by acyl esters. pH affects the 
Vinax Of the two hydrolases in the same way,'* and both enzymes catalyze virtual 
reactions.'* The stability of acyl chymotrypsin in dilute acid results from the 
sluggishness of its hydrolysis relative to the ease of its formation.'* Similarly, 
alkaline phosphatase appears to be phosphorylated in a pH-dependent equilib- 
rium. 

Phosphorylation of enzyme under alkaline conditions was found to be far from 
complete, and was not increased by increasing the orthophosphate concentration 
above saturation. Finding that enzyme can be saturated for phosphorylation 
below optimal yield suggests that orthophosphate is bound to enzyme before the 
serine residue is phosphorylated, and that the binding site is different from the site 
of phosphorylation. Suggestion that the binding step is distinct from the phos- 
phorylation step is to be found in the fact that orthophosphate profoundly inhibits 
enzymatic activity at alkaline pH,‘ where phosphorylation hardly occurs; more- 
over, under these conditions, orthophosphate is firmly bound to the enzyme in 
equilibrium dialysis experiments.'® The enzyme is known to contain zine,'® which 
is a likely binding site. By coordination with zinc, both ester phosphate and 
orthophosphate could be activated toward the nucleophilic attack of the hydroxyl 
group of serine. 

Orthophosphate behaves as a substrate when it phosphorylates the enzyme.’ 
Since it has been shown to bind at least as well as ester phosphate at alkaline pH,‘ 
and since the enzyme lacks specificity for substituent groups,'! it is surprising that 
the rate of phosphate turnover at pH 9, determined in experiments presented here, 
was so much slower than the optimal rate of ester hydrolysis. Although little 
charge difference exists between ester phosphate and orthophosphate below pH 10 
when they are free, there might be a difference between the two when they are 
bound to the enzyme. The difference could arise by the creation of a new ionizing 
group when orthophosphate combines with the enzyme. Coordination of phos- 
phate to a positive group in the enzyme might be expected to lower the pK of the 
third hydroxyl group of phosphate. A negative charge at the phosphorus atom 
would inhibit the nucleophilic attack by the serine; hence, above the pK of the 





Vou. 49, 1963 BIOCHEMISTRY: J. H. SCHWARTZ 877 


new ionizing group, phosphorylation of the enzyme would be less rapid than ester 
hydrolyses since the analogous complex of ester phosphate with enzyme could not 
ionize. Consistent with this idea, the rate of phosphate turnover was seen to 
be greater at pH 5.8 than at pH 9, despite the fact that only 10 per cent of the 
enzyme is in the catalytically active form. 

Kvidently ester phosphate and orthophosphate are bound to the enzyme at 
the same site, and form similar complexes. The phosphate in both complexes 
phosphorylates the same serine residue in the enzyme, and both ester phosphate 
and orthophosphate behave as substrates. These considerations suggest that 
the processes of phosphorylation either by ester phosphate or by orthophosphate, 
and of hydrolysis of the resulting phosphoryl enzyme, are similar in mechanism 
and involve the same catalytic groups in the enzyme. Hydrolysis is precisely the 
reversal of phosphorylation when the enzyme is phosphorylated by orthophosphate. 
When ester phosphate phosphorylates the enzyme, dephosphorylation also proceeds 
by a reversal in mechanism of the phosphorylation reaction; but water, ordinarily 
present in high concentration, replaces alcohol, and this results in the hydrolysis 
of the phosphoryl enzyme. Evidence that the hydrolysis of acyl chymotrypsin 
proceeds similarly by a reversal in mechanism of the acylation reaction has been 
summarized by Bender.” 

In summary, a plausible mechanism of action of alkaline phosphatase em- 


bodying the elements discussed is presented in Figure 5. After binding the sub- 
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Fia. 5.—A plausible mech- 
anism for the hydrolysis of 
phosphate esters by alkaline 
phosphatase. 
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strate by reaction 1 (1), the enzyme is phosphorylated at serine with the loss of 
the substituent alcoholic group by reaction 2 (2); the resulting phosphoryl enzyme 
is then hydrolyzed by reversal of reaction 2 (3) to yield bound orthophosphate. 
This complex decomposes by reversal of reaction 1 (4) to release free enzyme and 
orthophosphate as product. 


The author thanks Dr. Fritz Lipmann, Dr. Mildred Cohn, and Dr. Daniel Koshland, Jr., for 
their help in preparing this paper and for their many useful discussions. He is also very grateful 
to Dr. Cohn for the spectrometer assays. 
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GROWTH AND CELLULAR CONSTITUENTS* 


By ALBERT SZENT-GYORGY!I, ANDREW HEGYELI, AND JANE A. MCLAUGHLIN 


INSTITUTE FOR MUSCLE RESEARCH, MARINE BIOLOGICAL LABORATORY, WOODS HOLE, MASSACHUSETTS 


Communicated April 10, 1963 


More than a decade ago attempts were begun at this laboratory to demonstrate 
the possible presence of biologically active substances in the thymus gland which 
might have had a hormonal activity.!_ After exploring several blind alleys, malig- 
nant growth was applied as a test material.2- These experiments led to the isolation 
of two fractions, one of which had a strong inhibitory action on malignant growth, 
while the other showed a strong promoting effect. The hypothetic substance 
responsible for the retardation was called “‘retine,’’ while the promoting substance 
was called ‘“promine.’’ The fractions showing the latter effect also sterilized mice, 
male and female. Later, the growth-promoting and sterilizing activity were sep- 
arated* ° and the substance responsible for the latter was termed “‘infertine.”’ 

In our first report,*® we left the problem of specificity open. Later,® however, we 
could demonstrate that a substance showing identical activity and chemical proper- 
ties, such as retine, was present also in other tissues. Retine thus had to be a 
general tissue constituent. The same was demonstrated lately for promine. Ear- 
lier negative results on this line could be ascribed to the great experimental dif- 
ficulties connected with this work and the ease with which the two substances, 
retine and promine, compensate each other’s activity. Attempts to demonstrate 





Vou. 49, 1963 BIOCHEMISTRY: SZENT-GYORGI ET AL. 879 


infertine-like action in tissues other than the thymus were hitherto unsuccessful. 

In a way, this wider distribution of retine and promine subtracts from their in- 
terest, while in another way it adds to it, suggesting that growth may be dependent 
on the balance of these two substances. This may bear also on carcinogenesis, 
which assumption was supported by an experiment in which we found more promine 
and less retine in aortas of old animals.’ In tendon and aorta the activity of pro- 
mine is overbalanced by retine so that inhibitory extracts can be obtained even 
without fargoing isolation. Tendon, big blood vessels, and muscle are the three 
tissues which show malignant growth the least frequently. Muscle is under study. 

Very similar results were also obtained by M. 8. Parshley, who was led to similar 
conclusions about growth regulation.*: * The two lines of work seem to support one 
another. Parshley worked chiefly in tissue cultures and found growth promotion 
and inhibition, not only in various malignant tissues, but also in normal fibroblasts. 
We worked only in the whole animal and limited ourselves to malignant growth 
(Krebs-2 ascites tumor, sarcoma 180, and spontaneous mammary carcinoma of 
C3H mice). Parshley also found inhibition of sarcoma 180 in mice.'® 

These studies indicate that cells contain substances which regulate its growth. 
The small dry weight of purified extracts indicates substances of high biological 
activity. Possibly we are faced with a group of substances, produced by cells, 
acting on the cells themsleves, which therefore could be called (in analogy to anti- 
bioties) “‘autobiotics.”” The isolation of the three substances, retine, promine, and 
infertine, is in progress. The methods of isolation will be reported on as soon as 
they reach a final form. 


* This research was supported by grants from the National Institutes of Health (GM-10383) 
and the National Science Foundation (G-5836). 
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This reduction in retine concentration may be connected with the well-known regression of 
connective tissue in old age, and may bear on geriatrics. If corroborated, it may open up the 
possibility that, owing to cosmic radiation, fallout, and carcinogens, cancer is produced also in the 
young, but is inhibited here by retine. On prolonged administration, this substance causes 
complete regression of cancer. To achieve this result the average concentration of retine in the 
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SYNTHETIC POLYNUCLEOTIDES AND THE AMINO ACID CODE, 1X* 


By ALBert J. Wansa,t Roperr 8S. Minuer, Carvos Basinio,t 
RoBERT S. GARDNER, PETER LENGYEL, AND JosePH I*°. SPEYER 


DEPARTMENT OF BIOCHEMISTRY, NEW YORK UNIVERSITY SCHOOL OF MEDICINE 


Communicated by Severo Ochoa, May 1, 1963 


Previous work led to the assignment of 41 out of 64 code triplets to the twenty 
amino acids.':? These results indicated extensive degeneracy of the amino acid 
code. Since it appeared that the triplet list was still incomplete, further work was 
‘arried out with polynucleotides (poly AC, UC, and UAC) varying widely in base 
composition. The results, reported in this paper, add 7 new triplets to the list and 
bring the number of code triplets to date to 48. Additional triplets of the indicated 
base composition have been assigned to the following amino acids: glutamine, 
isoleucine, and tyrosine, LULAIC each; leucine and serine, 1U2C each; phenylala- 
nine, 2U1C; and threonine, 1A2C. 

The present results are of interest for several reasons. Firstly, the list of code 
triplets now includes all 27 triplets of A, C, and U. Hence, any “‘nonsense’’ triplets 
will have to contain G. Secondly, degeneracy in the code appeared to obey a 
certain pattern whereby the code triplets for a given amino acid shared one doublet.* 
The new triplets fit into this pattern, for the number of “shared doublets” increased 
from 12 to 17. 

In addition to the assignment of new code triplets the experiments reported in this 
paper have confirmed a number of previous assignments. Moreover, the good 
agreement of the assignment of one and the same code triplet to a given amino acid, 
based on results with polymers containing the same bases in widely different pro- 
portions, greatly strengthens the validity of the assumptions made and the methods 
used in our studies of the amino acid code. 

Preparations and Methods.—The polymers used in this work were prepared as 
previously described.* Glutamine-C" of specific activity about 150ue ‘umole was 
prepared from glutamic acid-C ™ with purified glutamine synthetase kindly supplied 
by Dr. A. Meister, Tufts University School of Medicine. Glutamine was separated 
from glutamic acid by high voltage electrophoresis at pH 6.0 in a buffer consisting 
of pyridine: acetic acid: water (10:1:69). Asparagine-C' of specific activity 75 
uc ‘umole, prepared by ammonolysis of aspartyl phosphate-C'* obtained enzymati- 
‘ally from aspartic acid-C'*, was provided by Dr. Y. Kaziro of this laboratory. 
Both amino acids were diluted to a specific radioactivity of 10uc ‘umole before use. 
The source of C-labeled amino acids was as previously given.' They were used at 
specific radioactivities between 1 and 10 ue/umole. 

The incubations were as previously described.*:4 The precipitating reagents 
used to determine the incorporation of radioactive amino acids into protein-like 
products in experiments with the various polymers are described in a footnote to 
Table 1. The procedure with 20% trichloroacetic acid as the precipitating reagent 
[experiments with poly UC (4.3:5.7), UC (1:5), AC (1:5), and UAC (1:1:4], 
which deviated in some respects from previous practice with C-rich polymers,” 
was as follows. After incubation, 1 mg of carrier polyproline (Mann Research 
Laboratories, Inc., N. Y.) in 0.5 ml of water, and 10 ml of 20% trichloroacetic acid 
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were added to each tube. The pre- 
cipitate was collected by centrifuga- 
tion, suspended in 5 ml of 20% tri- 
chloroacetic acid, heated in a boiling 
waterbath for 15 min, and the mixture 
cooled to room temperature. The pre- 
cipitate, collected by centrifugation, 
was evenly suspended in 0.5 ml of 5.0 
N ammonium hydroxide, quantita- 
tively transferred 
dried, and its radioactivity measured 


to a_ planchette, 


in a flow window counter. 

Results. —E ffect of various polynucle- 
tides on amino acid incorporation: 
Previous work with the /. colt system 
had shown that UC copolymers pro- 
moted the incorporation into acid-in- 
soluble products of only four amino 
acids, namely, leucine, phenylalanine, 
proline, and serine. Irom experiments 
with poly UC (5:1), five of the eight 
triplets in this polynucleotide were 


assigned as follows: leucine 2U1C, 


phenylalanine 3U, proline 1U2C and 


3C, and serine 2U1C. One 2U1C and 
two1U2C triplets remained unassigned. 
The possibility that these triplets 
could be additional code letters for 
some of the above amino acids was 
tested with use of UC copolymers of 
widely different base composition, 
namely, UC (5:1), UC (4.3:5.7), and 
UC (1:5). The results of these exper- 
iments (Table 1) led to the assignment 
of the remaining triplets to leucine 
(1U2C), phenylalanine (2U1C) and 
serine (LU2C). 

Of the eight triplets in AC copoly- 
mers, seven had been assigned as a 
result of experiments!:? with poly <A, 
poly AC (5:1), and poly C, namely, 
lysine (3A), proline (3C), asparagine, 
glutamine, and threonine (2A1C each), 
and histidine and proline (1A2C each). 
One 1A2C triplet remained unassigned. 
In order to see whether this was a 
meaningful triplet, experiments were 


Amino Acip INCORPORATION IN E, coli System with Various PoLyNUCLEOTIDES* 
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‘arried out with A-rich and C-rich AC copolymers, namely, poly AC (5:1) and AC 
(1:5). The results (Table 1) led to the assignment of the remaining 1A2C triplet 
to threonine. 

Three of the six 1U1AIC triplets were previously assigned to asparagine, his- 
tidine, and threonine (see Table 5 of reference given under footnote 2). The 
possibility that the remaining three triplets of this series might be letters of the 
amino acid code was investigated with C-rich and U-rich UAC copolymers, namely, 
poly UAC (1:1:4), which had not been previously used, and the previously used 
poly UAC (6:1:1). The results (Table 1) led to the assignment of one LULAIC 
triplet each to glutamine, isoleucine, and tyrosine. 

Basis for additional code triplet assignments: The basis for the new assignments 
is the same as in previous papers. The data leading to these assignments are given 
in Tables 2, 3, and 4, for the UC, AC, and UAC copolymers, respectively. In most 
vases the stimulation of the incorporation of an amino acid by a certain polymer 
(last column of tables) is given as per cent of the stimulation of the amino acid whose 
incorporation is promoted to the greatest extent by this polymer. The amino acid 
in question is phenylalanine for U-rich polymers, proline for C-rich polymers, and 
lysine for A-rich polymers.': 2 The per cent incorporation of the amino acid is then 

TABLE 2 
Data FoR ADDITIONAL Copr TRIPLET ASSIGNMENTS (CopoLYMERS OF U Anp C) 
Calculated triplet frequency Sum of caleulated Amino acid 
2U1C 1U2C 3C triplet frequencies incorporation 
Poly UC (5:1) 
3.3 ; 20 22.2 
100 100 
4 
20 


Amino acid 38U 


Leucine 16 
Phenylalanine 83.: 16 as 
Proline aA : 3 
Serine ie 16.7 o. 


‘ 
é 


3 

Poly UC (4.7:5.3) 
Leucine 5: 60 113 
Phenylalanine 5 
Proline = oe 60 67 
Serine ee 5 60 ne: 

Poly UC (1:5) 

Leucine 3.° 16.7 
Phenylalanine 3.¢ a 
Proline ; 16.7 
Serine 3.¢ 16.7 


3 0.7 


83... 


TABLE 3 

DaTA roR AbbITIONAL Copré TRIPLET ASSIGNMENTS (CoroLyMERS OF A AND &) 
Calculated triplet frequency Sum of calculated Amino acid 

2A1C 1A2C 3C triplet frequencies incorporation 

Poly AC (5:1) 

Asparagine aoe 20 5 : 20 24. 
Glutamine a 20 ve 20 23. 
Histidine : ; 0 2 4 6. 


Lysine . ; 10 
Proline fore 0 0.8 4.8 7.2 


Threonine ce 4.0 = 24 26. 
AC (1:5) 


Amino acid 3: 


” Asparagine 

, ‘ ° 
Glutamine 

" Histidine 

t Lysine 

} Proline 

[ Threonine 
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matched to the calculated per cent frequency of 
one or several triplets relative to that of the triplet 
or triplets (taken as 100) known to code for phenylal- 
anine, proline, or lysine, as the case may be. The 
sum of the calculated relative frequencies of the 
pertinent triplets is given in the next to the last 
column of the tables. Matching of the values on the 
same line of the last two columns is the basis for 
triplet assignments. 

UC triplets: Previous work with UC copolymers 
was carried out almost exclusively with poly UC 
(5:1). Any effect of triplets other than those as- 
signed to leucine (2U1C), phenylalanine (3U), and 
serine (2U1C), from experiments with this polymer, 
would be masked because of their lower frequency. 
Detection of such an effect should be possible, how- 
ever, with use of poly UC (1:5). Table 2 shows 
that this was indeed the case. The results with 
poly UC (4.3:5.7) are of interest. Since two triplets 
out of the eight in the UC series can now be assigned 
to each of four amino acids (leucine, phenylalanine, 
proline, serine), in the presence of this polymer, 
which has a U:C ratio not far from unity, each of 
the four amino acids should be incorporated approx- 
imately to the same extent. As seen from Table 1, 
column 5, and from Table 2, this was essentially the 
"ase. 

AC triplets: The data of Table 3 reveal that a 
new triplet (LA2C) may be assigned to threonine 
from the results with a C-rich poly AC, namely, poly 
AC (1:5). The incorporation of threonine in the 
presence of this polymer (20.8% that of proline) 
was too high to be explained only in terms of its 
2A1C triplet [2A1C previously assigned to threonine! 
was confirmed in the present experiments with poly 
AC (5:1)], the frequency of which is only 3.3% of 
that of the two proline triplets (ILA2C and 3C). 
The remaining results in this table confirm and 
reinforce previously made assignments. 

UAC triplets: Experiments with the C-rich poly 
UAC (1:1:4) (Tables 1 and 4) revealed the existence 
of two new 1U1AIC triplets for isoleucine and tyro- 
sine. As seen from Table 4 (last column) the in- 
corporation of these two amino acids was 6.1 and 
4.0% of that of proline, respectively. This is clearly 
greater than the sum of calculated frequencies of 
the previously detected 1U2A and 2U1A triplets for 
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isoleucine (2.0% of that of the proline triplets) and greater than the frequency of the 
previous 2U1A tyrosine triplet (1.0% of that of the proline triplets). 

Results with poly UAC (6:1:1) (Table 1) provide some basis for the assignment 
of a LULAIC triplet to glutamine. This polymer promoted the incorporation of 
glutamine to the extent of 3.1% of that of phenylalanine. The polymer also con- 
tains one (2A1C) of the two triplets previously detected for glutamine.! However, 
its frequency is only 0.4% of that of the combined (8U + 2U1C) phenylalanine 
triplets. The frequency of the LULAIC triplet on the same basis is 2.4%. There- 
fore, the sum of the frequencies of these two triplets (0.4% + 2.4% = 2.8%) 
relative to that of those for phenylalanine closely matches the incorporation value 
(3.1%) of glutamine relative to that of phenylalanine. In view of the low incor- 
poration, the 1ULAIC assignment for glutamine is made only tentatively. 

Discussion and Conclusions.—The new triplets for glutamine, isoleucine, leucine, 
phenylalanine, serine, threonine, and tyrosine are listed in Table 5 along with the 
previously assigned ones. Table 6 lists the amino acids that can now be assigned 
to each of the twenty-seven triplets of the ACU series. 


TABLE 5 
AbbITIONAL CopE TRIPLET ASSIGNMENTS 


Amino acid Additional code triplet Previously assigned code triplets 
Glutamine LULAIC 2A1C, 1A2G 
Isoleucine 1AIC 1U2A, 2U1A 
Leucine J2 UIA, 2U1C, 2U1G 
Phenylalanine 2U1C JUU 
Serine J2C 1C, 1ALCIG 
Threonine A2 JLAIC, 2A1C, 2C1G 
Tyrosine J 2UiA 
TABLE 6 
Summary OF Cope TRIPLETS OCCURRING IN CopoLyMERS OF A, C, AND U, AND or Amino AciIps 
ASSIGNED TO THE TRIPLETS 


Triplet 

composition 3A 2AIC 2A1U 1A2C 1AIC1U 1A2U) 3C 2C1U 1C2U~ 3U 
Number of 

triplets with 

this composi- 

tion 1 3 3 6 : 3 3 1 


‘Lys Asn Asn Asn Leu Leu Phe 
| Gin lle Gln Pro Phe 
Amino acid ) Thr Leu " His Ser Ser 
Ile 
Thr 


| Tyr 


extensive degeneracy of the amino acid code and the indications of a uniform 
pattern of degeneracy, as suggested by the growing number of “shared doublets” 
referred to in the introduction, emerge as the most striking features of the code. 
Pronounced degeneracy reconciles the existence of a universal code with the wide 
divergence in base composition of the DNA of different organisms. It is con- 
ceivable that different organisms may utilize to a different extent the various triplets 
for a given amino acid according to the composition of their DNA. Recent experi- 
ments in this laboratory with a cell-free system from Alcaligenes faecalis (DNA 
with 66° GC) indicate that the amino acid code triplets thus far established are 
the same as for E. coli (DNA with 52% GC).5 
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Note added in proof: The assignment of 1A2G as one of the glutamine triplets' has been 
made questionable by the finding that, in the presence of an excess of cold glutamic acid, there 
was little or no stimulation of the incorporation of glutamine by poly AG (5:1). This suggests 
that the previously observed stimulation may have been due to the occurrence of deamidation 
of glutamine to glutamie acid, the incorporation of which is stimulated by this polymer. 


* Aided by grants from the National Institute of Arthritis and Metabolic Diseases (grant 
A-1845) of the U.S. Public Health Service and from the Jane Coffin Childs Fund for Medical 
Research. The abbreviations used in this paper are the same as in previous papers of this series. 

t Fellow of the Jane Coffin Childs Fund for Medical Research. 

t International Postdoctoral Fellow of the National Institutes of Health, U.S. Publie Health 
Service. Permanent address: Instituto de Quimica Fisiolégica y Patolégica, Universidad de 
Chile, Santiago, Chile. 
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PROCEEDINGS, 48, 2087 (1962). 

2 Wahba, A. J., R. S. Gardner, C. Basilio, R. S. Miller, J. F. Speyer, and P. Lengyel, these 
PROCEEDINGS, 49, 116 (1963). 
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THE CRYSTAL STRUCTURE OF AN INTERMOLECULAR COMPLEX 
CONTAINING A GUANINE AND A CYTOSINE DERIVATIVE* 

By Henry M. Sopeuy,t Ken-icut Tomita, AND ALEXANDER Ricu 
DEPARTMENT OF BIOLOGY, MASSACHUSETTS INSTITUTE OF TECHNOLOGY 
Communicated by William N. Lipscomb, April 19, 1963 

The molecular basis for the specificity of the nucleic acids is believed to reside 
in the detailed system of hydrogen bonds formed between the purines and the 
pyrimidines. This bonding is specific in that adenine pairs to thymine and guanine 
to cytosine, thereby accounting for the complementarity which is found in the struc- 
ture of DNA. X-ray diffraction studies have shown that DNA has a double- 
stranded helical structure in agreement with the hypothesis of Watson and Crick.! 
However, it is not possible to determine the precise manner in which the purine and 
pyrimidine bases come together solely from the X-ray fiber diffraction pattern. 
This is because the sequence of bases in DNA is irregular, and therefore they do not 
give rise to the coherent X-ray scattering which is necessary to determine atomic 
coordinates of individual bases. Most of our knowledge concerning the molecular 
structure of purines and pyrimidines comes from X-ray diffraction studies of model 
compounds.? These studies, however, have concentrated largely on the structure 
of individual molecules and this provides only indirect information regarding the 
assumptions concerning hydrogen bonding between different purines and pyrimi- 
dines. Here we present some results of a single crystal X-ray diffraction analysis in 
which we demonstrate that guanine and cytosine derivatives form a hydrogen- 
bonded complex in the crystalline state. 

In Watson and Crick’s original description of the DNA molecule, they postulated 
that the adenine-thymine pair, as well as the guanine-cytosine pair, were each held 
together by two hydrogen bonds. Three years later Pauling and Corey® extensively 
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reviewed the geometry of purines and pyrimidines and their potentialities for hy- 
drogen bond formation, and concluded that the guanine-cytosine pair in DNA would 
probably be held together by three hydrogen bonds as shown in Figure 1. The 
potentialities for hydrogen bonding between purines and pyrimidines are numerous, 
however, and are not restricted to those which have been postulated for DNA.‘ 
It is for this reason that we have investigated the possibility of forming crystals of an 
intermolecular complex containing both purine and pyrimidine derivatives. In the 
present paper we describe the structure of a single crystal containing 9-ethyl-guanine 
and 1-methyl-5-bromocytosine. The bases chosen have either a methyl or ethyl 
group attached to the glycosidic nitrogen in order to prevent hydrogen bonding from 
occurring at that site and to increase the probability of having the same tautomeric 
form as would be found in the nucleotide itself. In this study a bromine derivative 
is used, since it greatly facilitates the X-ray diffraction analysis by making it pos- 
sible to use the heavy atom method. A similar crystal structure involving 9-ethyl- 
guanine and 1-methyl-cytosine without the bromine atom has been determined 
recently.® 

Methods.—Kquimolar amounts of 9-ethyl-guanine and 1-methyl-5-bromocytosine 
were dissolved in dimethylsulfoxide and the solution was allowed to evaporate at 
room temperature. The crystals formed in this manner were clear, prismatic in 
shape, with well-developed faces. The derivatives were obtained from Cyclo 
Chemical Company. The use of this solvent was suggested to us by A. R. Katritzky, 
who also generously provided us with an initial sample of 9-ethyl-guanine. Paper 
chromatography and ultraviolet spectroscopy of aqueous solutions obtained from 
single crystals confirmed the presence of both base components. Following these 
initial observations, an X-ray analysis was undertaken. 

Single crystals measuring approximately 0.7 by 0.7 mm and 0.3 mm thick were 
mounted and used for the structure determination. The cell dimensions and space 
group of the crystal was determined by 30° precession photographs. Intensity data 
was collected at room temperature on an equi-inelination integrating Weissenberg 
camera using copper Ka radiation and estimated visually using the multiple film 
technique. The intensities were corrected with the appropriate Lorentz polariza- 
tion factor, but no absorption correction was made. Approximately 2,200 nonzero 
reflections were recorded from a total of 3,800 theoretically available in the copper 
sphere. The data was processed on an IBM 7090 computer using the crystallo- 
graphic routines as described below. 

Solution of the structure: The space group, unit cell dimensions, and crystal 
density are shown in Table 1. There are four asymmetric units per unit cell, 


TABLE 1 
9-ethyl-guanine-5-bromo- 
l-methyl cytosine complex 9-ethyl-guanine 5-bromo-1l-methyl cytosine 
a= 8.38+0.01A a= 10.88A a=I18.71A 
b= 13.16 +0.01A b= 29.37 A b= 5.54A 
c 14.51+0.01A ec =10.88A ec = 15.29A 
B = 97° 30’ tetragonal B = 100° 5’ 
monoclinic monoclinic 


Space group Pa,/- 
¢ obs. = 1.628 gm/cm? 
¢ cale. = 1.602 gm/cem! 
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CYTOSINE GUANINE 


Fia. 1.——The hydrogen bonding which is believed to exist 
between guanine and cytosine in DNA. 


3a 


Fic. 2.—Three-dimensional contour map showing the elec- 

tron density of a base pair as viewed down the b axis. The 

lowest contour is at 2 electrons/A*. The light atom peaks 

have contours at intervals of 1 electron/A* while the very high 

bromine atom peak has contours at intervals of 5 electrons/ A‘. 

Solid lines indicate covalent bonds, dashed lines represent hy dro- 

gen bonds. The methyl group attached to cytosine and the 

ethyl group attached to guanine have somewhat lowered elec- 

tron density peaks which may be associated with thermal 

vibration. 
each asymmetric unit consisting of one guanine and one cytosine derivative. For 
comparison the cell dimensions of 9-ethyl-guanine and 1-methyl-5-bromocytosine 
are also listed in Table 1. 

The structure was solved by the heavy atom method. A three-dimensional 
Patterson function was calculated which quickly revealed the bromine-bromine 
vector peaks and from this the position of the bromine atom was determined. A 
three-dimensional Fourier synthesis was then calculated using the bromine atom 
phases. This revealed the complete structure with the exception of the ethyl 
carbon atoms on 9-ethyl-guanine. A second Fourier synthesis was calculated using 
more complete phasing based on the initial structure and this revealed the remaining 
carbon atoms. The structure was then refined by the method of least squares using 
the refinement program devised by Busing. Several cycles of least squares refine- 
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ment were calculated using individual light atom isotropic temperature factors. 
The unweighted residual factor at the present stage of refinement is 0.20. A new 
set of data is now being collected on a smaller crystal, and it is anticipated that this 
data will have smaller absorption error and will therefore be more reliable. 

A three-dimensional Fourier synthesis was computed using the structure factor 
phases obtained at the present stage of refinement. ‘Three-dimensional contour 
projections were made from this Fourier synthesis. No significant spurious peaks 
were observed in this electron density map and, in addition, a difference Fourier 
synthesis showed no large peaks. 

Description of the structure: The asymmetric unit in the crystallographic unit 
cell consists of a guanine and cytosine derivative lying roughly parallel to each 
other approximately 3.4 A apart, tilted by about 30° to a — c (010) plane. These 
residues are hydrogen-bonded with cytosine and guanine derivatives in adjacent 
unit cells along the a axis. Figure 2 shows the electron density map of a three- 
dimensional contour projection looking down the 6 axis. It can be seen that the 
guanine derivative is hydrogen-bonded to a cytosine derivative in an adjoining unit 
cell by three hydrogen bonds in a manner completely analogous to that described 
by Pauling and Corey.* This is shown again in Figure 3 which is a similar contour 


d& 
2 


Fig. 3.-—Three-dimensional contour map 
showing the electron density of a base pair 
as viewed down the a axis. The contours are 
drawn in the same manner as in Fig. 2. 


projection viewed down the a axis in which the purine-pyrimidine pair lies somewhat 
more obliquely. A least squares analysis shows that, to the limit of our experi- 
mental accuracy, the guanine and cytosine molecules are planar, no atom deviating 
more than 0.04 A from the molecular least squares plane. However, the complex 
itself is not exactly coplanar. The two molecules have a dihedral angle of ap- 
proximately 6.5° between them. This involves a slight propeller-like twist between 
the bases with the carbonyl oxygen of guanine in the same plane as the cytosine 
derivative, and the cytosine amino group in the same plane as the guanine deriva- 
tive. 

Figure 4 shows two adjacent base pairs related by glide plane symmetry and 
projected onto the a — ¢ (010) plane. The heavy circles indicate atoms closest 
to the reader, the lighter circles indicate atoms further away. Each base pair is 
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Fia. 4.—Diagram showing the position of two sets of base pairs as viewed 
down the b axis. The base pairs are tipped relative to each other; the heavy 
lines indicate atoms which are closer to the reader, the light lines indicate 
atoms further away. The distance separating the carbon atoms attached to 
the ring nitrogen atoms is 10.8 A. 


tilted 30° from the a — c (010) plane, and they are therefore related to one another 
by an angle of about 60°. The hydrogen-bonding distances are in close agreement 
with those proposed by Pauling and Corey.* In addition, the distance of 10.8 A 
between the carbon atoms attached to the glycosidic nitrogens of the purine and 
pyrimidine is the same as that proposed by Pauling and Corey and close to the 
distance suggested by Spencer.’ This distance is of great importance, since it 
corresponds to the separation between the two polynucleotide chains in a DNA 
molecule. 

There are several other close contacts of interest. Oxygen 2 of cytosine is 2.92 A 
from the cytosine nitrogen 4’ in the residue below it. Although this corresponds to 
a hydrogen bond distance, the C’;-N’s—O» angle is 149°. This is an unfavorable 
angle for optimal hydrogen bonding, and the hydrogen bond formed is probably 
a weak one. Another close contact involves the nitrogen 2 of guanine and oxygen 
6’ of the adjacent guanine molecule. This distance is 3.18 A which is long for a 
hydrogen-bonding contact. In addition, the angle C:-N.—O’, is nearly 150° which 
is unfavorable for hydrogen bonding, suggesting that the interaction between 
these groups is very weak, if any. The bromine atom does not participate in 
hydrogen bonding; its closest contact is 3.4 A to a neighboring guanine nitrogen 3. 
It is also in van der Waals contact with the carbon atoms of the ethyl group in the 
same guanine derivative. 
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Fig. 5.—A diagram showing the molecular packing in the crystal as viewed down the ¢ 
axis. The three hydrogen bonds between base pairs are shown by the dashed lines. The 
darker atoms are closer to the reader, while those drawn with light lines are behind. The 
slight propeller-like twist between the two paired bases can be seen. 


The general packing in the crystal is shown in Figure 5, which is a projection down 
the caxis. Three unit cells are shown along the a axis in order to show the hydrogen 
bonding between residues in adjoining unit cells. The darker molecules are in 
front, while those sketched more lightly are lying behind. The almost planar 
guanine-cytosine pairs can be seen, as well as the oblique orientation of the 
base pair lying behind them. It can be seen that, in the same unit cell, the guanine 
and cytosine residues are approximately parallel to each other, 3.4 A apart. 

The crystal is held together predominantly by van der Waals forces along the b 
axis, while van der Waals forces and hydrogen bonds between base pairs hold the 
crystal together along the aaxis. Along the c axis, there is a twisted ribbon of base 
pairs, each tilted 60° to its neighbor, held together by the weaker hydrogen bonds 
as shown in Figure 4. 

Discussion.—Considerable interest was attached to the question of the hydrogen- 
bonding potentialities of the purines and pyrimidines by the discovery that it is 
possible to obtain a specific three-stranded polynucleotide complex in which one 
adenine base is hydrogen-bonded to two uracil residues.’ It was postulated that 
one uracil residue was attached by the Watson-Crick pairing, while the second uracil 
residue was hydrogen-bonded to the amino group and the imidazole nitrogen 7 of the 
adenine molecule. In a single crystal analysis, Hoogsteen* has shown that 9- 
methyl-adenine and 1-methyl-thymine form an intermolecular complex containing 
this second type of hydrogen bonding involving the amino group and nitrogen 7 of 
adenine. This differs significantly from the type of adenine-thymine hydrogen 
bonding which was postulated in DNA itself. This suggested an alternative formu- 
lation for hydrogen bonding between the two polynucleotide strands of DNA in 
which the guanine and cytosine residues are held together in a similar fashion, the 
guanine carbonyl oxygen 6 and nitrogen 7 hydrogen bonding to a tautomeric form 
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of the cytosine base.’ However, such a tautomeric form for cytosine has been 
shown to be unlikely by infrared studies.” It is of considerable interest that in 
the present work we have found, in the crystalline state, a complex containing 
derivatives of guanine and cytosine which are held together by three hydrogen 
bonds, suggesting that this is a particularly stable hydrogen-bonding configuration. 
This lends support to the type of molecular organization which is believed to exist 
in the structure of DNA. Furthermore, since the individual bases crystallize as a 
complex rather than individually, one might suspect that the hydrogen-bonded 
base pair may even exist in solution to a significant degree prior to crystallization. 
We are investigating this currently. 

In the erystal structure of cytosine-5-acetic acid, Marsh, Bierstedt, and Eich- 
horn" have shown that pairs of cytosine rings are linked together by the same set 
of three hydrogen bonds which are linking the guanine and cytosine residues in this 
structure. This is possible since one of the two cytosine rings is protonated on 
nitrogen 3, a situation which also exists in the helical form of polyeytidylie acid.! 
The cytosine rings in cytosine-5-acetic acid are also related by a glide plane and are 
connected by a similar system of hydrogen bonds to that shown in Figure 4, with 
the amino acid group of one cytosine linked to the oxygen atom of the neighboring 
ring. 

Since the guanine and cytosine derivatives are almost coplanar, we have looked 
carefully at the structure to see what keeps them from being completely coplanar. 
The close van der Waals contact between a neighboring bromine atom and the 
guanine nitrogen 3, as well as the ethyl group carbon atoms, appears to prevent 
the two bases from being completely coplanar. A compromise position is estab- 
lished in which the hydrogen bonds between the base pairs are nearly optimal, and 
no short van der Waals contacts are formed. 

Although the present investigation demonstrates that it is physically possible for 
guanine and cytosine to form a hydrogen-bonded base pair in a manner analogous 
to that which we believe exists in the DN.“ molecule, it does not, of course, prove 
that this type of arrangement is actuaiiy present in DNA. It does, however, 
suggest that this may be a stable form in which these molecules associate and there- 
by lends considerable support to the type of hydrogen-bonding specificity which we 
believe occurs in the polymer itself. 

Summary.—9-ethyl-guanine and 1-methyl-5-bromocytosine form an_ inter- 
molecular complex in a crystal in which they are held together in pairs by three 
hydrogen bonds. These hydrogen-bonded pairs are linked in long chains by weaker 
hydrogen bonds which connect adjacent base pairs to form a twisted ribbon-like 
network. The geometry of the hydrogen-bonded guanine-cytosine pair is similar 
to that which has been postulated as existing in the DNA molecule. 


* This investigation was sponsored by research grants from the National Institutes of Health 
and the American Cancer Society. 

+t Helen Hay Whitney Postdoctoral Fellow. 
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SYNTHESIS OF VALINE AND ISOLEUCINE IN THE PRESENCE 
OF A PARTICULATE CELL FRACTION OF NEUROSPORA* 
By R. P. WAGNER AND ARLOA BERGQUIST 
GENETICS FOUNDATION OF THE DEPARTMENT OF ZOOLOGY, UNIVERSITY OF TEXAS, AUSTIN 
Communicated by Wilson S. Stone, April 29, 1963 


It has been established that valine is synthesized from pyruvate in a series of at 
least four steps, and that isoleucine is synthesized in a series of four similar steps 
from pyruvate and a-ketobutyrate. The four enzymes involved are apparently 
common to both pathways, but this has not been definitely proved in any one case. 
The enzymes will be described here as the condensing enzyme, which produces a- 
acetolactate and a-acetohydroxybutyrate from pyruvate, and pyruvate + a- 
ketobutyrate, respectively; the reductotsomerase, which converts the a-aceto-acids 
to the dihydroxy acids; the dehydrase which causes a dehydration of the dihydroxy 
acids with the formation of the a-keto acids; and the transaminase which transami- 
nates between phenylalanine and the respective a-keto acids to form valine and 
isoleucine. 

In at least two organisms, Salmonella and Neurospora, it has been shown that 
two or more of the genes affecting these enzymes are closely linked.'~* In Neuro- 
spora crassa at least two of the enzymes, reductoisomerase and dehydrase, are 
apparently controlled by two genes which are estimated to be about four map units 
apart.‘ Between them lies a region in which mutations have been detected only 
within a small segment. These mutations cause an absolute requirement for both 
isoleucine and valine, but the mutant strains do not show a deficiency for any of 
the four enzymes. That the blocks in these are not prior to pyruvate and a- 
acetobutyrate has been established by showing that they accumulate either the 
a-aceto-acids or dihydroxy acids or both. It was postulated that the defect in these 
mutants, the group II mutants, lies not in their inability to produce the enzymes, 
but in their inability to organize them properly to be active in vivo.? The experi- 
ments described below were designed to explore this possibility by first determining 
whether there exists an isoleucine-valine forming system in the particulate fraction 
of the wild-type mycelial homogenate. 

Methods and Materials.—The assay procedures for the individual enzymes, the condensing 
enzyme, reductoisomerase, dehydrase, and transaminase have been described in detail pre- 
viously.5-* Succinic cytochrome ¢ reductase activity was determined by the method of Crane 


etal.° Protein was determined by the method of Lowry et al.” 
The wild-type strain employed here, K./71960a, is a segregant from a cross between the Emer- 
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son wild strains Hm5256A and EmS297a. The mutant strain, 7304, is a group II isoleucine-valine 
mutant which has been described in detail in previous publications.*. 4 '! 

All mycelium used in these experiments was grown in Vogel’s minimal medium in shake culture 
for a period of 24 hr. The mycelium was washed after harvesting with several portions of cold 
0.5 M sucrose solution containing 0.01 Mf Tris buffer at pH 7.5. Homogenates from washed 
mycelium were prepared by grinding the mycelium in the above sucrose-Tris buffer (0.5 ml 
buffer to 1 gm wet weight mycelium) with a teflon-glass, and then a glass Ten Brok homogenizer. 
The homogenates were then strained through glass wool which effectively removed unground 
mycelium and most of the large fragments, as determined by microscopic observation with phase 
optics. The strained homogenate is referred to as the filtrate in what follows. 

Supernatant and pellet activity: Figure 1 describes some representative results obtained by 


FILTRATE 
% TOTAL ACTIVITY IN PELLETS 
500 xg, 10min COMPARED TO THEIR SUPERNATANTS 


PROT. COND. RED- ODEHY- TRANS- 
ENZ 1SOM. DRASE AMIN 








Spnt. I PELLET I eo OO 2 22 36 


1,000 xg, I hr 








Spat. PELLET I 8.4 


39,000 xg, ‘snr 








Sot «=(“‘éPELLETMN«=OC«C2si‘<i‘i2tCidHsC«‘*SH(sé«CSSR 


Fic. 1.—Total activity of indicated enzymes in a series of supernatants and pellets presented as 
percentage activity in pellets. The enzymes were determined individually. 


centrifuging filtrate as indicated. In all of these the pellet material was resuspended in sufficient 
0.5 M sucrose + 0.01 M Tris buffer at pH 7.5 to give about 10 mg/ml of protein before assaying 
for activity. The results show quite clearly that the activity for the four enzymes, as determined 
individually, remains principally in the supernatant, except for the transaminase. 

If, however, instead of testing for activity for each enzyme individually, the ability of super- 
natant and pellet to carry out the over-all conversion from pyruvic acid to valine and isoleucine 
is measured, different results are obtained. The supernatant and pellet material used in this type 
of experiment were obtained by centrifuging the filtrate at 500  g for 10 min to remove large 
particles not removed by the glass wool, and then centrifuging for 1 hr at 39,000 K g. The 
39,000 X g supernatants and pellets were used in all of the experimental work described below. 
The 500 X g pellet was discarded after it was determined that it had only low fractional activity. 

Supernatant and pellet (resuspended in 0.5 WM sucrose + 0.01 M Tris pH 7.0) were incubated 
separately with the following mixture for the valine assay: 2504 moles L-phenylalanine, 250 
umoles glucose-6-phosphate, 50 umoles MgSO,, 500 ug TPN *, 600 ug thiamine pyrophosphate, 250 
ug glucose-6-phosphate dehydrogenase (Sigma Type V), 300 ug pyridoxal phosphate, and 500 
umoles sodium pyruvate. Isoleucine production was tested for in the same way, except that 
250 umoles each of pyruvate and a-ketobutyrate were present. 

Figure 2 describes the results from an experiment in which supernatant fractions containing 
117 mg of protein and pellet fractions containing 119 mg of protein were mixed with the above 
valine mixture and brought to identical volumes of 18.65 ml with 0.1 1 phosphate buffer at pH 
7.0. Control mixtures were also prepared which lacked the pyruvate precursor. These mixtures 
were incubated with gentle shaking for 6 hr at 37°C. Similar mixtures containing isoleucine pre- 
cursors, instead of pyruvate alone, were also made, but incubated for only 4 hr. Aliquots of 3 
ml were removed from each every hour and the amount of valine and isoleucine determined by 
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P-60.'2. Figure 2 shows that there 

is a net synthesis of valine and iso- 

oe leucine in the presence of the pellet 
ae material, but not in the presence of 
“ail the supernatant. The supernatant 
O did, however, have activity for the 

/ PELLET + PYRUVATE four enzymes presumably involved. 
Y The specific activities (umoles/ 
mg/hr) were determined to be as 
PELLET + PYRUVATE + follows: condensing enzyme, 0.18; 
a - KETOBUTYRATE reductoisomerase, 2.64; dehydrase, 
0.32; and transaminase, 4.30. The 
possibility that there is an inhibitor 
in the supernatant which prevents 
the synthesis of valine was excluded 
by showing that the uncentrifuged 
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was shown to produce 0.073 umoles 
of valine/mg protein in 4.5 hr. 

Fig. 2.—Synthesis of valine and isoleucine in the presence Additional evidence that it is in- 
of 39,000 X g pellet material and the necessary cofactors deed valine which is being formed 
and substrates. Open circles = valine, closed circles = 


"nen antes from pyruvate was obtained by add- 
soleuc ye 


ing C'*-labeled pyruvate and dem- 
onstrating the appearance of radioactive valine and isoleucine after paper chromatography. 
In addition, a sample of pellet mixture incubated for 5 hr with pyruvate was freed of protein 
and analyzed for amino acid content by means of a Spinco amino acid analyzer. Three amino 
acids were found in significant amounts, alanine 19.5%, valine 15.4%, and_phenylal- 
anine 61.3%. The appearance of alanine may be ascribed to the transamination of pyru- 
vate. 

Fractionation of pellet: The 39,000 X g pellet material was determined to contain a high con- 
centration of mitochondria with the electron microscope. Therefore, a sucrose gradient which 
has been shown by Luck!’ to band Neurospora mitochondria was employed. Three 0.5 ml samples 
of pellet material in 0.5 M sucrose, each containing 18.5 mg of protein, were layered on top of 4 
ml sucrose gradients which ranged from 0.58 M to 1.9 M sucrose. The buffer was 0.01 M Tris 
at pH 7.5. The tubes were spun in a Spinco SW 39 L bucket head in a Spinco Model L for 4.5 
hr at 40,000 rpm. The temperature of the head was maintained at 5.5°C. Ten fractions were 
removed from each tube dropwise from a puncture at the bottom. Since the ten fractions from 
each tube were equal in volume, the corresponding fractions were pooled. Each pooled fraction 
was then analyzed for protein activity for the mitochondrial enzyme succinic cytochrome c¢ reduc- 
tase, and valine-synthesizing activity. The results are given in Figure 3. They show quite 
clearly that the valine-synthesizing activity is carried in particles which have the same density as 
the particles which carry succinic cytochrome ¢ reductase. 

Activity of pellet fraction in an isoleucine-valine requiring mutant: T304, a representative of the 
group of mutants which possess all four enzymes in the soluble part of the supernatant, but yet 
requires isoleucine and valine for growth, was tested for valine-synthesizing ability in the pellet. 
First, an homogenate of a 24 hr culture was treated as described in Figure 1. It was found that 
there was no significant difference in pellet and supernatant enzyme activity between 7304 and 
the wild type when the enzymes were determined individually. The only exception was a rela- 
tively low condensing enzyme activity. This enzyme cannot be missing, however, because 7'304 
accumulates a-acetolactate and a-acetohydroxybutyrate, as well as a,8-dihydroxyisovaleric acid." 
A test of activity for the over-all production of valine from pyruvate gave, however, the results 
summarized in Table 1. These data show that there is no net increase of valine over the controls 
in the presence of pyruvate either in the pellet or the supernatant. 
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Fic. 3.—Specific activities for the valine-synthesizing system and succinic cytochrome ¢ reduc- 
tase in the different fractions of 39,000 X g pellet material after centrifugation in a sucrose gradient. 
Increasing density is to the left. Valine activity was determined by using the mixture of cofactors 
and substrates described in the text, and incubating for 4 hr at 37°C. Total protein is protein in 
each combined fraction as determined by the Lowry et al. method." 


TABLE 1 


FORMATION OF VALINE FROM PYRUVATE IN THE PRESENCE OF SUPERNATANT AND PELLET FROM 
Mutant T304 

wmoles valine/mg protein X 107? ee —y, 
Pell 


_ Hours Pellet et + Supernatant Supernatant + 
incubation control pyruvate control pyruvate 


0.14 0.11 0.27 0.46 
0.20 0.18 0.40 0.56 
0.25 0.20 0.46 0.66 
0.31 0.22 0.56 0.67 


Discussion and Summary.—The results described above demonstrate the existence 
of valine- and isoleucine-synthesizing systems in the 39,000 X g particulate fraction 
of wild-type Neurospora homogenate. The particles with valine-synthesizing 
activity have approximately the same sedimentation rate as the mitochondria 
known to be in the 39,000 X g pellet. The 39,000 X g supernatant has no detect- 
able valine- or isoleucine-synthesizing activity from pyruvate even though it has 
all four enzymes. 

It is known that the four enzymes of this system are not present in the superna- 
tant bound in a complex. Unpublished results from this laboratory show that the 
dehydrase, the condensing enzyme, and the reductoisomerase have different sedi- 
mentation coefficients. The transaminase and dehydrase may be separated from 
the other two by electrophoresis on starch gel. These observations lead to the 
tentative conclusion that the soluble enzymes in the supernatant have become 
dissociated from particles of relatively high density. Once in solution they no 
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longer have the capacity to carry out a rapid synthesis of isoleucine and valine from 
pyruvate. However, wild-type supernatant does have the capacity to convert the 
dihydroxy acid to isoleucine at a low rate.'* The active in vivo system(s) are pre- 
sumably these enzymes properly oriented and organized on the particles, which 
could be mitochondria. Whether soluble enzymes are present free of these parti- 
cles in the intact cell is not known. It is possible that all the soluble activity 
detected by the assays is a result. of solubilization of the enzymes during preparation 
of the homogenate. Hence, the soluble enzymes may be no more than artifacts 
so far as the biosynthesis of isoleucine and valine is concerned. 

The finding that the isoleucine-valine mutant, 7304, does not have an active 
particulate fraction for the synthesis of valine from pyruvate, even though it 
possesses all the enzymes individually active in the soluble fraction, supports the 
hypothesis that it may differ from wild type because the valine-isoleucine enzymes 
are disorganized and hence inactive for the over-all series of reactions. This dis- 
organization may either be the result of disorientation on particles, or because 
“cement”? substances which attach the enzymes to the particles are not made. 
Failure of the enzymes to attach may make them relatively ineffective in biosyn- 
thesis, since product molecules must contact randomly distributed enzyme molecules 
in solution. 

If the amino acid synthesizing system(s) described here actually proves to be 
attached to the mitochondria, it may provide a powerful tool for studying the genetic 
control of mitochondria, as well as of organization at the macromolecular level in 
general. The recent finding by Luck'* that the mitochondria of Neurospora prob- 
ably arise from pre-existing mitochondria by some sort of division raises some 
interesting questions regarding the nuclear control of particles in the cytoplasm, 
such as mitochondria. 

Finally, the results described here may prove to be of some significance in helping 
to understand if cytoplasmic organization and genetic organization are related. 
That is, it may be possible to make an unqualified answer as to why certain groups 
of genes having related functions in some organisms are clustered on the linkage 


map. 
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A RELATIONSHIP BETWEEN DNA CONTENT, NUCLEAR 
VOLUME, AND MINIMUM MITOTIC CYCLE TIME* 


By J. Van’? Hor ann A. H. Sparrow 
BIOLOGY DEPARTMENT, BROOKHAVEN NATIONAL LABORATORY, UPTON, NEW YORK 
Communicated by Karl Sax, April 30, 1963 


Mitosis is the culmination of many processes integrated in such a manner that 
two almost exact replicas of a nucleus or cell can be produced time and time again, 
each replica containing the necessary genetic information to repeat the process. 
The term mitotic cycle has been applied to those events which occur between 
the same stage in two successive divisions.'. The biochemical changes that take 
place between two successive divisions have been the subject of recent reviews.?~4 
Although much information can be obtained by studying the processes in cells of a 
single species or a single cell type within an individual, equally useful information 
‘an be obtained from investigating similar cells from different species. The pur- 
pose of these studies was to determine whether or not a relationship existed between 
three cellular characteristics, namely, DNA content per cell, nuclear volume, and 
the minimum mitotic cycle time. 

Material and Methods.—-Minimum mitotic cycle time measurements: The full details of the tech- 
nique used to measure minimum mitotic cycle time are published elsewhere.’ * The technique 
involves the production of tetraploid cells by treating the meristems with colchicine for short 
periods of time which varied with different species. The number of tetraploid cells produced 
during the treatment depends upon (1) the number of cel!s that entered metaphase while colchicine 
was effective, and (2) the concentration of colchicine used. The affected cells undergo karyokinesis 
but no cytokinesis, and enter interphase as usual. The next time these affected cells divide they 
will be tetraploid and hence distinguishable from normal diploid cells. The period of time be- 
tween the colchicine treatment and the initial appearance of tetraploid cells in division is the mini- 
mum mitotic cycle time. All cycle time measurements were performed at 23 + 1.0°C. 

Nuclear volume measurements: Collections for nuclear volume studies were made from growing 
plants before floral transition. Root meristems were killed, fixed in Craf III, dehydrated, and in- 
filtrated with paraflin by the use of a tertiary butyl alcohol series. Sections were cut at 10 
and stained with safranin-fast green. The diameters of interphase nuclei of meristematic cells 
just above the root cap were measured with a Zeiss ocular micrometer. Ten nuclei on each of two 
slides were measured for each species, and average nuclear volumes were calculated. 

DNA measurements: The deoxyribonucleic acid (IDNA) was extracted from root-tip material 
with sodium chloride, a modification of the Schmidt-Thannhauser procedure,’ and the amount of 
DNA was estimated by the diphenylamine reaction.’ 

Cell counts: The number of cells per meristem was determined by excising the terminal 2 mm 
of 40 meristems and randomly selecting 10 of these excised segments. Cell separation was accom- 
plished by hydrolyzing the segments with 1 NV HCl until the tissue was soft. Following hydrolysis 
the segments were mascerated and suspended in | cc of 1 N HCl. Four 0.05 ce aliquots were re- 
moved from this suspension for cell counts with a hemocytometer. 


Results.—Figures 1A and 1B show the time at which the tetraploid cells appeared 
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Fic. 1A.—The minimum mitotic cycle time as indicated by the span of time between the pro- 
duction of tetraploid cells with colchicine and their initial appearance in the subsequent division. 
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in mitosis after tagging or marking with colchicine. All colchicine treatments 
were of 1 hr duration except that of Helianthus annuus which was 30 min. The 
data are expressed as the ratio of tetraploid to diploid dividing cells (prophase 
through late anaphase) versus time for two reasons. First, this ratio is the most 
sensitive measurement for indicating the appearance of the tetraploid or tagged 
cells; and second, this ratio is independent of large fluctuations in the flow of cells 
through metaphase. Consequently, the influence of natural synchronization, if 
any, is negated. 

The minimum cycle time was arbitrarily set to be the time at which the ratio of 
tetraploid to diploid dividing cells reached a value of approximately 0.1. The mini- 
mum cycle time for Pisum and T'radescantia was obtained from the literature.® ° 
These and the values determined from Figures 14 and 1B are summarized in 
Table 1. These data indicate that the minimum cycle time of the cells from various 
species ranged from 9-29 hr and were different. 

Interphase nuclear volumes varied from 1,175 yu’ for Trillium erectum to 195 yu’ 
for Helianthus annuus and were directly related to the minimum cycle time (Fig. 2). 
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Fic. 2.—The relationship between interphase nuclear volume and the minimum mitotic cycle 
time of different plant species. The minimum cycle time for a from Wimber® and for 6 from 
Van’t Hof et al.5 


It has been shown recently that interphase nuclear volume and DNA content are 
directly related. Therefore, a direct correlation between DNA content and 
minimum cycle time should be expected. Verification of this expectation is shown 
in igure 3. 
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Fig. 3.—The relationship between DNA content per cell and the minimum mitotic cycle time of 
different plant species. The DNA content for a estimated graphically from Sparrow and Mik- 
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TABLE 1 
Tue Minimum Mrroric Cycie TIME oF SEVERAL PLANT SPECIES 
Minimum mitotic 
cycle time 
Plant species (hr) 
Trillium erectum 29 This paper 
Tulipa kaufmanniana 2% This paper 
Tradescantia paludosa 18 Wimber (1960) 
Vicia faba 13 This paper 
Pisum sativum 10 Van’t Hof et al. (1960) 
Helianthus annuus 9 This paper 


Reference 


The relationship between DNA content per cell, or interphase nuclear volume, 
and the minimum mitotic cycle time is generally not dependent on chromosome 
number or DNA per chromosome. This independence is shown in Table 2 which 
summarizes the experimental results. 

Discussion.—The experimental results obtained from several species demon- 
strate that the greater the DNA content per cell the longer the mitotic cycle time 
characteristic of that particular species. They also show that cellular characteris- 
tics previously determined laboriously can now be estimated from a single known 
characteristic. However, these data are even more useful in providing some in- 
sight into the factors controlling cell proliferation. For instance, the fact that the 
curve in Figure 3 intercepts the abscissa at a minimum mitotic cycle time of about 
6.5 hr indicates that the relationship between cycle time and DNA content is quite 
different for diploid cells having less than 8 X 10~-!* gm. Therefore, the curve in 
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TABLE 2 
SUMMARY OF NUCLEAR CHARACTERISTICS OF MERISTEMATIC CELLS FROM VARIOUS PLANT Roots 
Calculated 
interphase 
Minimum nuclear DNA per 


cycle time volume DNA per cell Number of chromosome 
Plant species (hr) (3) (10 ~'2 gm) chromosomes (10 ~!2 gm) 


Trillium erectum 29 1,175 120* 10 12 
Tulipa kaufmanniana 23 800 93.7 24 3.91 
Tradescantia paludosa 18 640 59.4 12 4.95 
(ref. 8) (ref. 10) 
Vicia faba 13 377 38.4 ; 3.2 
(ref. 10) 
Pisum sativum 10 200 11.67 0.83 
(ref. 5) 
y 


Helianthus annuus 195 9 85 


* Estimated graphically from Sparrow and Miksche.!® 


‘igure 3 must bend and proceed through or near the origin, if the correlation applies 
to the lower forms of life such as bacteria, fungi, and viruses. It would be even 
more interesting if the curve would bend toward the origin simultaneously with a 
change in the genetic vehicle, i.e., the chromosomal type possessed by the higher 
forms of life to those still undetermined for the lower cellular forms. 

The linear correlation between the DNA content of diploid dividing cells and 
cycle time requires still other hypotheses. First, the correlation may be coinciden- 
tal, having no direct association but rather resulting from a third cell characteristic 
to which DNA content and cycle time are related. An alternative to this first 
possibility is that DNA content and cycle time are directly related in diploid plants. 
If the latter is true, then it follows that the limiting factor may be a reaction that 
proceeds at an equal rate in each species. Thus, a cell which has to replicate twice 
as much DNA as another cell will take twice as much time to complete the replica- 
tion. Assuming that this is the case, the experimental directive derived from these 
data is to find an enzyme system having kinetic characteristics that are directly 
related to cell number only. In other words, the activity of the enzyme(s) would be 
the same on a per cell basis for the plant species studied. An obvious place to start 
investigating would be the systems associated with DNA synthesis, such as thymi- 
dine phosphorylase or DN A polymerase. 

Another variable that should be considered is the length of the interphase S 
period. (The 8 period is that portion of interphase in which DNA is synthesized.) 
lor Tradescantia, the S period is about 10.8 hr,® while in Pisum it is approximately 
4.5 hr."! If the total mitotic cycle time were related to the length of the S period, 
the eyele time of Tradescantia would be expected to be at least twice that of Pisum. 
The data presented in this paper suggest that this relationship may exist, for 
Tradescantia and Pisum have minimum cycle times of approximately 10 and 18 
ir, respectively. Assuming that the length of the 5 period were the contributing 
factor to total cycle duration, the question remains as to why the 8 period should 
vary from species to species. The answer to this question would very likely involve 
biochemical and biophysical phenomena associated with DNA synthesis. One 
such response would be thermal activation. In these experiments minimum cycle 
time determinations were performed at about 23°C, but it is possible that the 
activation energy of the processes involved in cell proliferation may differ from 
species to species. Thus, the optimum temperature for Helianthus may be different 
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from that of Trillium. The influence of temperature is a very real possibility and 
is presently under investigation. 

In conclusion it may be said that for diploid plants a relationship does exist be- 
tween the minimum mitotic cycle time, the interphase nuclear volume, and the 
DNA content per cell. Moreover, the relationship is such that if any one of the 
three cell variables is known, an estimate can be made of the remaining two. 

Summary.——-Experiments were performed to determine the relationship between 
interphase nuclear volume and DNA content per cell and the minimum mitotic 
cycle time in several diploid plant species. All measurements were made on 
meristem cells contained in the terminal 2 mm of the root. The results indicated 
that linear relationships exist between the interphase nuclear volume and the 
minimum mitotic cycle time, and between the DNA content per cell and the mini- 
mum cycle time. Linearity, however, does not exist if extrapolation is carried out 
to include the lower forms of life, such as bacteria and viruses. The relationships 
are to some extent independent of chromosome number and the amount of DNA 
per chromosome. The data presented enable the estimation of any two of the 
above three variables, if the third variable is known. 


The authors wish to thank Miss Huei-Kuen Ying and Mrs. Anne F. Rogers for their technical 
assistance, and Mrs. Rhoda C. Sparrow and Mrs J. Van’t Hof for aid in preparing the manuscript. 
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BAND-CENTRIFUGATION OF MACROMOLECULES AND VIRUSES 
IN SELF-GENERATING DENSITY GRADIENTS* 


By Jerome VINoGRAD, RoBerRT BruNeER, ReBeccA KENT, AND JEAN WEIGLE 


GATES AND CRELLIN LABORATORIES OF CHEMISTRY T AND THE NORMAN W. CHURCH LABORATORY OF 
CHEMICAL BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY 


Communicated by Norman Davidson, April 24, 1963 


This communication presents a new method of carrying out sedimentation veloc- 
ity experiments. A thin lamella of a solution of macromolecules is layered onto a 
denser miscible liquid in a rotating ultracentrifuge cell. The macromolecules then 
sediment through the liquid in a narrow concentration distribution, or band, which 
is observed photographically as a function of time. The density gradients neces- 
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sary to stabilize the system against convection are generated during the experiment 
by the diffusion of small molecules between the lamella and the bulk solution, and in 
some cases by the sedimentation of the small molecules in the bulk solution. The 
inhomogeneities in the solvent are usually small enough to have no observable effect 
on the motion of the macromolecules. Sedimentation coefficients of macromole- 
cules may be evaluated from the motion of bands. Diffusion, hydrodynamic inter- 
actions, and chemical reactions affect the shapes of bands. 

The method of band-sedimentation velocity! differs from the conventional bound- 
ary-sedimentation velocity method? in that the macromolecules are initially distri- 
buted in a narrow band at the top of the liquid instead of uniformly throughout 
(Fig. 1). In the new method all resolved macromolecular components are physi- 
‘ally separated. Sedimentation coefficients and rel- 
ative concentrations measured in such mixtures are BAND 
free from the effects of interaction between compo- Ba CZZzZ 
nents.* ‘ 

Stability Considerations.*-The negative density 
gradients associated with the distribution of macro- 
molecules at the leading side of the band must be 
compensated by positive gradients in the binary 
solvent to avoid convection. If the positive gradi- 
ents are inadequate, limited convection causes for- __16. 1.—Diagrammatic repre- 

: sentation of concentration dis- 
ward spreading. tributions for two sedimenting 

In the experiments described in this communica-  ©°™poenents in band- and bound- 

; ‘ . ary centrifugation after three 
tion, the lamellar solution contained macromole- — equal time intervals. 


BOUNDARY 





cules in dilute aqueous electrolyte. The denser 

bulk solution or solvent contained D.O or more concentrated electrolyte, such as 
0.5 M KClor 1.0 M NaCl. In such solvents the sedimentation coefficient is only 
slightly affected by preferential interaction® of the macromolecules with small 
molecules. With more concentrated binary solvents, significant preferential inter- 
actions may occur. In very concentrated CsCl the macromolecules may sedi- 
ment through a solution of significantly variable density, and slow down or even 
stop® during the experiment. 

Noninteracting Systems.—-1. Homogeneous materials: A single macromolecular 
substance with constant sedimentation coefficient s and diffusion coefficient D forms 
a Gaussian band which remains Gaussian during sedimentation (lig. 24). The 
band broadens with time and with the distance sedimented according to the rela- 


tion 


f= To sto o? + 2D(t — t”) \ (1) 
I 4 


ry” \ “0 


where a, r, and t are the standard deviation, the radial distance to band center, and 
the time. The superscript zero refers to the properties of the band at time t®. The 
sedimentation coefficient is evaluated from the motion of band center or the maxi- 
mum in the concentration distribution with the equation 


In ro = sw*t + constant,t (2) 


where w is the angular velocity. The amplitudes and standard deviations of bands 
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Fig. 2.—(A) Band- 
centrifugation 
of Southern bean mo- 
saic virus in | M NaCl, 
0.04 M NaPO,, pH 
6.9, 50 ul lamella, 1.60 
ug SBMV, OD® = 
0.2, 1.80 ml bulk solu- 
tion, 30 mm center- 
piece. Photographed 
at 16 min intervals, 
12,590 rpm,  20.0°. 
Densitometer records 
of this film show the 
bands to be Gaussian 
over 90% of the mass. 
(B, C) Band-centrifu- 
gation of a mixture of 
6 ™&* 10% *b2*bd 
lambda virus, buoyant 
density 1.508 g em™~$, 
and 5 X 10° b2bd 
lambda virus, 1.484 

(A) (B) (C g em™3, in two 
different CsCl solutions (.01 M tris pH 7.0). Thirty mm Kel-F centerpiece, 25 yl lamella, 1.40 
ml bulk solution, 25.0°, 4 min intervals. (B) p = 1.25, 12,590 rpm. (C) p = 1.39, 20,410 rpm. 
The first two exposures in (C) show the effect of excessive refractive index gradients. These were 
avoided in (B) by holding the rotor speed at approximately 5,000 rpm for 10 min during 
acceleration. 








Fie. 3.—(A) The standard 
deviation and (B) relative 
concentration at band center 
at various times for macro- 
molecules with different dif- 
fusion coefficients. The cal- 
lations were performed for 
nonsedimenting distributions 
in a rectangular cell. The 
standard deviations were cal- 
lated with the relation o? — 
o? = 2D(t — t°). The ampli- 
tudes were calculated with 
the relation eo = ¢0%(ro°e®/roo) 
aoURS plies where ¢o is the concentration 
(A) (B) at band center. 








of macromolecules having a variety of diffusion coeflicients are given in Figure 3, 
a useful guide for selection of initial concentrations and speeds of centrifugation. 
2. Heterogenous materials: A mixture of noninteracting substances forms multi- 
ple bands which resolve if the sedimentation coefficients are sufficiently different. 
Resolution is increased for components of different buoyant density if the density 
of the bulk solution is near that of the buoyant density of one of the species. The 
results of experiments in concentrated CsCl are shown for two mutant forms of 
lambda virus which differ in buoyant density by 0.024 g em~* (Fig. 2B, C).7 
Contamination of a homogeneous material with nonresolved polydisperse im- 
purities leads to bands with forward and/or trailing elements which dilute out as 
sedimentation proceeds. Several preparations of bacterial viruses—T-4, 
¢X-174, and lambda—contained nonresolved fast contaminants. That inadequate 
stabilizing density gradients, which also lead to forward spreading, were not re- 
sponsible was shown by further experiments in concentrated CsCl and also by 
boundary experiments. In the latter the nonresolved fast material was evident in 
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the densitometer records, but not, as in the band experiments, upon visual inspee- 
tion of the films. Viral RNA preparations always gave bands with rapidly diluting 
slow components, presumably due to partial hydrolysis by traces of ribonuclease. 
In these experiments the maximum in the distribution moved with the velocity of 
the intact viral RNA (Fig. 4). The weight-average sedimentation coefficient of 





Fia. 4.—Band- and boundary-centrifugation of MS-2 RNA 
in 0.5 M KCl, 0.04 M KPO,, 50% D.O at pH 7.0, 44,770 
rpm, 5.0°. Band experiment: 10 wl, OD? = 2.2, 0.55 ml; 
boundary " experiment: OD” = 0.5, 0.70 ml. The densi- 
tometer tracings are from photographs taken 24 min after 
reaching full speed. The full circles on the log plot represent 
the positions at the maxima in the band experiment. The 
empty circles represent the midpoints of the concentration 
profiles of the intact RNA in the boundary experiment. The 
material was prepared by phenol treatment of MS-2 virus. 
(Strauss, Jr., J. H., and R. L. Sinsheimer, J. Mol. Biol., in 
press. ) 














MINUTES 


any distribution of materials which sediment away from the meniscus may be 
evaluated from the motion of the center of gravity of the mass’ (ef. equation (13)). 

Sedimentation coefficients obtained with equation (2) from band-centrifugation 
experiments agree satisfactorily with the results by boundary-centrifugation with 
the same samples (Table 1). The data also show that the measured sedimentation 


coefficients may be satisfactorily corrected for the effects of the solvents. 
TABLE 1 
SEDIMENTATION COEFFICIENTS BY BAND AND BOUNDARY CENTRIFUGATION 


-—-Sedimentation Coefficient, Svedbergs——— 
E Lamellae Band?’ Lit. 
Material “ ug Solvente Band Boundary S20, w 82, w 


HbA(CO)¢ 10 17.00 ).5 M KCl¢ 3.62 3.66 3.98 (3.9)¢ 
Ms-2 RNA‘ 10 0.80 ).5 M KCl 20.2 19.9 : 
MS-2 RNA* 10 0.80 “ in 50°% D,O' \ 17.6 
T-7 DNA? 25 0.05 0.5 M KCl 33.2! 32.0! 
oX-174" 10 1.60 98°% DO 8: S4 
SBMV? 20 3.20 1.0 M NaCl’ ( 90 

@ The lamellar fluid contains buffer and water, the solvents contain the same buffer. % Data in this column have 
been reduced to standard conditions and are given by nondeuterated sodium salts. 1% deuteration is assumed. 
¢ Human hemoglobin, pH 7.0, 20.0°, 56, 100 rpm. A slight front sharpening presumably caused by concentration- 
dependent dissociation was observ ed in these e xperiments. 40.04 M KPO, pH 7.0 for the KCl solvents. ¢ Rossi- 
Fanelli, A., E. Antonini, and A. Caputo, J. Biol. Chem., 236, 391 (1961), value for 0.4% ae eres 0.5 M KCl. 
J‘ pH 7.0, 5.0°, 31,410 rpm. = Private communication, J. Strauss and R. L. Sinsheimer. pH 7.0, 5.0°, 44,770 
rpm. 40.04 M KPO, pH7 i Cf. legend Fig. ! pH 7.0, 20°, 29,500 rpm. * The band experiments were 
performed in a 30 mm othe ! These are Hmsitieg velaoe 1 atc — 0. ™ Davison, P. F., and D. Freifelder, 
J. Mol. Biol., 5, 643 (1962). "0.04 M NasBsO7 pH 9.0, 23,150 rpm, 24.5°. ¢ 0.04 MNaeB.O; pH 9.0 (meas- 
ured). 2? R. L. Sinsheimer, J. Mol. Biol., 1, 37 (1959). ¢ Southern bean mosaic virus, pH 6.95, 20.0°, 12,590 
rpm. 70.04 M NaPO« pH 6.9. § Miller, G. L., and W. C. Price, Arch. Biochem., 10, 467 (1946). 


Interacting Systems.—A material with small D and a large s which decreases with 
increasing concentration forms skewed bands which are sharp on the trailing side 
and spread on the leading side. Such bands have been observed with several native 
viral DNA’s: T-4, T-7, lambda, and polyoma. A single run contains information 
adequate to determine the constant which characterizes the concentration depend- 
ence of s and the sedimentation coefficient at infinite dilution, s°. With the 
present approximate theory the value of s° obtained for T-7 DNA is in agreement 
with the result obtained by extrapolation of data from a set of boundary experiments 
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Fig. 5.—-Band-centrifugation of 
T-7 DNA in 0.5 M KCI 0.04 M 
KPO, pH 7.3, 20.0°, 29,500 rpm. 
(A) 10 ul, 80 wg/ml in 12 mm center- 
piece. Densitometer records are 
from photographs taken at 8 min 
intervals. The graph shows the 
data from this experiment plotted 
according to equation (18). The 
concentration at the maximum 
expressed in OD®® was obtained 

} say from linear densitometer records. 

10 20 30 The relation of the pen excursion 

C (MAX) MICROGRAMS/ML MINUTES to the concentration in the cell was 

(A) (B) evaluated by numerical integration. 

(B) 25 ul, 2 ug/ml in a 30 mm center- 

piece. Upper densitometer record is from a photograph 28 min after reaching full speed. The 

second set of records are smoothed tracings of exposures at 8 min intervals. The graph contains 

the results from 2 separate experiments. The T-7 DNA was prepared by F. W. Studier, by the 

method of Mandell, J. D., and A. D. Hershey, Anal. Biochem., 1, 66 (1960). The results obtained 
in these experiments are compared with the results obtained by others in Table 1. 


sem. sec x 10-4 





(Z-Z*)m 
t-t° 


(Fig. 5A and Table 1). Correct values for s® were also obtained with very low 
lamellar concentrations of DNA, 2 ug/ml in 30 mm cells (Fig. 5B) or 5 wg/ml in 12 
mm cells. In these experiments convective disturbances do not occur at lbw DNA 
concentrations as they may in boundary-centrifugation. At an intermediate 
lamellar concentration, 20 ug/ml, plots of the logarithm of the position of the maxi- 
mum versus time are linear with a slope corresponding to 0.93 s°. 

A pparatus.—Equipment needed in addition to the Model E analytical ultracentrifuge with the 
ultraviolet optical system consists of special centerpieces and microsyringes. A commercially 
available boundary-forming centerpiece? was tested and was satisfactory for macromolecules 
stable to shear. Most of the experiments were performed with band-forming centerpieces (Fig. 6) 


Fig. 6.—Band-forming centerpieces are fabricated from 2° 
and 4°, 12 mm and 30 mm Kel-F centerpieces. The sample 
hole is 2.2 X 8 mm in the 12 mm, and 2.2 X 20 mm in the 
30 mm centerpiece. The center of the hole is 4.5 mm above 
and 4.4 mm to the side of the axis of the centerpiece. The 
inner circle indicates the position of the inner edge of the 
raised bead. The dashed circle indicates the minimum 
diameter of the Kel-F cylinder. The liquid transfers 
through the 0.07 mm gap® between the quartz window and 
the Kel-F surface. Layering occurs by direct flow with 
0.55 ml or less in a 12/4° sector and by displacement when 
the normal 0.72 ml volume is used. After continued use the 
bead flattens and transfer is impeded. The bead may then 
be removed and replaced with a 0.004” polyethylene gasket 
#301972 (Beckman Instruments, Inc.). 


fabricated from standard Kel-F centerpieces. The shear stresses with this type of centerpiece, 
which transfers at approximately 500 rpm (11 X g), are low enough to avoid shear degradation of 
T-7 DNA. The blind sample hole is filled (avoiding air pockets) while the cell is partially assem- 
bled with a 0.010 or 0.050 ml vaselined Hamilton" syringe fitted with drawn-out no. 20 (0.032” 
ID) Kel-F tubing" for shear sensitive materials or with the same type of syringes used normally. 
Dilution of the sample is sometimes performed in the sample hole. Bands that are sharp on at 
least one side may often be seen with the schlieren optical system. 

Density Gradients in Band-Centrifugation.'*—The transient density gradient generated by 
diffusion of small molecules between the lamella and the bulk solution is given by 


l bAp(r — ra) : 
mi a Ar la e-t — ra)?/4Dt (3) 
dr 2 VD 





Vou, 49, 1963 CHEMISTRY: VINOGRAD ET AL. 907 


where D is the diffusion coefficient of the diffusible substance, 6 the thickness of the lamella, 
(r — rq) the distance from the meniscus, and Ap the difference in density between the lamella and 
the solvent. It is found by sample calculations that this gradient is in general more than sufficient 
to provide convective stability against the negative density gradient on the leading side of a 
Gaussian distribution of macromolecules with typical diffusion and light absorption coefficients. 
The ‘‘diffusion”’ gradients are proportional to dAp. 

The density gradients generated by the sedimentation of the small molecules were calculated 
from equation (23) of Fujita and MacCosham.'"* They progress through the cell more slowly than 
the diffusion gradients even at high speed (35,000 rpm) and high salt concentrations (CsCl, p = 
1.50 g em~). Unlike the diffusion gradients, these ‘‘field’’ gradients increase regularly with 
time and, in longer experiments, approach equilibrium. A second set of field gradients advances 
from the bottom of the cell to the center at approximately the same rate. At low speeds and at 
low salt concentration the field gradients are inadequate to support the bands. 

Band-Centrifugation in Preparative Rotors.~—The method described here can be used in pre- 
parative ultracentrifuge rotors. ‘The longer liquid columns require that greater density stabiliza- 
tion (larger values of Ap, equation (3)) be introduced. There is an additional requirement that 
convection be prevented during deceleration. In this laboratory viral DNA is routinely centri- 
fuged in 3 cm liquid columns of CsCl, p = 1.50 g em~*, which are overlaid with a 1 cm layer of 
mineral oil. A 0.1 ml sample is introduced onto the surface of the CsCl to form a 0.1 em lamella. 
The tubes are centrifuged in the SW-39 rotor at 35,000 rpm 3-5 hr. At the conclusion of the run 
analyses (radioactivity, biological activity, optical density) are performed on drops collected after 


piercing the tube. 

Theory of Band-Centrifugation.—1. Moment relations:'* We consider a single component with 
constant s and D, and ignore any effects arising from the constituents of the binary solvent. The 
time derivative of the expression for the n‘* monent of the mass, 


Mm, = «f r*cr dr, 
Ta 


where a is a constant, is 


dm,, r (Oc , 
= orn r dr. 
dt ” Ta , ot r m 


We combine equation (5) with the continuity equation for a cylindrical sector 


red a | 


where the flow, J, through a unit cylindrical surface is 


J = —D (od; ar) + sw*rc (7) 
and integrate by parts, remembering that J,, = J, = 0. We introduce equation (7) into the 
result and integrate a second time by parts with ¢,, = c,, = 0 to obtain the recursion relation for 


the n™ reduced moment, 
F 
dptn/dt = n?Dun—2 + Nsw*ptn, 
where u, = m,/m,. The differential equations form = 2 and n = 4 are readily integrated, 


(2 + Qy)/(u29 + 2y) = erwrit ) 
(us — 2y2?)/( ue? — yo?) = etse?t-# 
where y = D/sw?. The superscript zero refers to a reference band at time ?@. 

The equation for the experimental determination of D is obtained by introducin 

1 I : £m 
nwo = R?2 + Do, and the definition of the nt* moment of mass about the center of gravity, R, 
rh ° . P ° ‘ a 

s,. (r — R)" er dr/ Sf, cr dr, into equation (10), taking the square root and inverting. 


a 


(R — 3%)/(R* — Bz) = e-te2t—-) 
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Terms in D3°//°, B2°/R? and S49 /R°? in the numerator and corresponding terms in the denominator 
are omitted in equation (11). This approximation for equation (10) is valid for 2y > 3s, a 
necessary condition for the experimental determination of the diffusion coefficient. Mquations 
(9), (11), and w = R* + 2. are combined to form a relation free of differences between large 


numbers for the diffusion coefficient, 


R\? D 
ys ( t ) _¥, [1 as eer to) } = 2D(t — t) (1 — swt — ) + > a9 (12) 


~~? R 
>.(R°/R) — 3° (R/R) = 2D(t — ©). (12a) 


The effect of the inhomogeneous field, seen in equations (12), is to increase the width of the band 
by about 15% during the run. This broadening is normally small compared with the effect. of 
diffusion (Fig. 3). With equation (1) or (12a) diffusion coefficients for homogeneous materials 
with constant s and D may be calculated. It is anticipated that the effects of concentration- 
dependent sedimentation™ should be less troublesome than in boundary-sedimentation because 
of the compensatory front spreading which occurs along with the rear-sharpening. 

Equation (9) is simplified with an error of less than 0.1% in s for rapidly diffusing macromole- 
cules, y < 0.3 em? and ZY, = 0.01 cm?, to give a relation between the motion of the center of 
gravity of the distribution and the sedimentation coefficient. 


In (R, ‘R°) = sw%(t — 0) (13) 


In most experiments the motion of band center or of the maximum in the distribution, equation 
(2), may be used with adequate accuracy to evaluate s. 

2. The Gaussian approximation: The differential equation for spreading of an infinitely thin 
band in a sector has been solved by Carslaw and Jaeger" in their consideration of the conduction 
of heat from an instantaneous annular source at a distance 7; from the axis. In our variables the 
solution in Bessel functions for the large values" of rr;/2D(t — @) in the present problem becomes 


Aen r—7,)2/207 


C= —=—., 
oVr/n 


(14) 


The cylindrical geometry thus causes a negligible distortion of the Gaussian distribution. We 
anticipate that the distorting effect of the inhomogeneous field will also be small, and examine next 
the behavior of concentration distributions which remain Gaussian during band-centrifugation. 

The relations for a single component in a sector 


R? = ro? + 2o%™(1 + o?/2ro?); To = 6X1 — o?/ro?) (15) 


are combined with equation (11) to give equation (2) for s. Equation (1) for D is obtained by 
combining equations (12a) and (15). Higher-order terms in equation (15) are neglected in the 
development of equations (1) and (2). Terms in o* are also neglected in equation (2). 

3. Concentration-dependent sedimentation in a constant field and in a rectangular cell: The 


centrifuge differential equation? for a substance with D constant and s = s%1 — ke) becomes 


oc Q oc 
- = — | D— — v1 — kede (16) 
ot], Oz oz 


where the velocity at infinite dilution, v®, is s°w*z. A solution of equation (16) for the boundary 
conditions c = 0 at z¢ and 2 has been obtained with a substitution suggested by Feynman. '8 
) D e7-” 
c(z,t) = ——— rye 
: Vk (4 — f°) 2(a + erf u) 
(z — 2) — v%(t — f°) r wkT 
where = >. a = = /2 tanh ’ 
“<V Dit — ©) 2 2D 


and 
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We differentiate the solution with respect to distance and equate the derivative to zero to ob- 
serve the behavior of the position z,, and the concentration c,, at the maximum in the distribution. 


Zm — 2m? = W(t — PL — 2kem) (18) 


Comparison of Band- and Boundary-Centrifugation.— Band-centrifugation offers 
these advantages: (1) All resolved components are examined in a physically 
separated state. Slow contaminants and degradation products usually do not in- 
terfere. Fast components are detectable with high sensitivity. The effeets of in- 
teraction between resolved components are avoided. (2) Valuable information is 
available from a comparison of the two sides of the band. (3) Differential instead 
of cumulative concentration distributions are obtained. (4) Less material, '/; to 
1/y, is required. (5) Dialysis is usually not necessary. (6) Band centrifuge runs 
are more appropriate as pilot experiments for zone centrifugation runs in preparative 
rotors. 

Band-centrifugation has the following disadvantages: (1) The initial distribution 
is less well defined. (2) Bands widen and dilute faster than boundaries. (3) 
The effects of concentration-dependent sedimentation and the admixture of non- 
resolved fast materials are more difficult to separate. (4) There is less latitude 
in the choice of solvents and in the upper limit of the concentration of macromole- 
cules. (5) Refractometric recording systems are less readily employed. 

Summary.—A new method for carrying out sedimentation and diffusion studies 
in the ultracentrifuge is described. Examples are given of sedimentation results 
obtained with some typical RNA, DNA, protein, and virus preparations. Band- 
centrifugation and boundary-centrifugation are compared. 
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INFORMATION CONTENTS OF DISTRIBUTIONS 
By E. P. Wigner AND Mutsvo M. YANAsE* 
PRINCETON UNIVERSITY AND INSTITUTE FOR ADVANCED STUDY, PRINCETON, NEW JERSEY 
Cummunicated April 12, 1963 


1. Jntroduction.—The entropy, as usually defined, is a measure of our ignorance 
and, if multiplied by —1, can be considered as a measure of our knowledge of the 
state of asystem.' It isa measure of our total knowledge into which the knowledge 
of the value of any observable enters in the same way (cf. section 3). It is this last 
circumstance which prompted the considerations leading to the present note. 
According to quantum mechanical theory, some observables can be measured 
much more easily than others: the observables which commute with the additive 
conserved quantities (energy, components of the linear and angular momenta, 
electric charge) can be measured with microscopic apparatuses; those which do not 
commute with these quantities need for their measurement macroscopic systems.’ 
Hence, the problem of defining a measure of our knowledge with respect to the 
latter quantities arises. The present note will be restricted to the case in which 
there is only one conserved additive quantity; this will be denoted by k. The 
name ‘skew information” has been proposed* for the amount of information 
which an ensemble described by a state vector or a statistical matrix contains with 
respect to the not easily measured quantities. This information relates to the 
transition probabilities into states which lie askew to the characteristic vectors of 
the additive conserved quantities. 

2. Postulates on the Information Content.—The requirements which an expression 
for the information content should satisfy are the following: 

(a) If two different ensembles are united, the information content of the result- 
ing ensemble should be smaller than the average information content of the com- 
ponent ensembles. By uniting two ensembles, one ‘forgets’? from which of these 
a particular sample stems. Hence, the information content should decrease. Even 
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though the present requirement is the most obvious one, it appears to be the most 
restrictive one and the most difficult to satisfy. 

(b) The information content of the union of two systems should be the sum of 
the information contents of the components. 

It may be well to illustrate on an example the distinction between the unions 
envisaged under the postulates (a) and (b). If we consider an ensemble of a system 
of atoms in their normal state, and another in which they are with a probability 
'/, in their normal state, with a probability '/> in their first excited state, the union 
of the two ensembles in the sense (a), with weights a and 1 — a, leads to an ensemble 
of atoms which are with a probability a + '/2(1 — a) in the normal state, with a 
probability '/.(1 — a) in the first excited state. The information content J of this 
last ensemble should be less than aJ; + (1 — a)/2, where J; and J, are the information 
contents of the two initial ensembles. The union of two systems, envisaged under 
the present heading (b), arises if the atoms of the first ensemble and those of the 
second one are considered to form a single system. As a rule, one unites two sys- 
tems in this way into a single one if they will interact by colliding with each other, 
or in some other way. If one has ensembles of the two systems, one takes a sample 
from the first system, and a sample from the second system, and unites these two 
systems to a single system which is then a sample of the ensemble of the union 
of the two systems. If the statistical matrices of the two ensembles are p; and 
po, the statistical matrix of the ensemble under (a) is ap; + (1 — a)ps where a and 
1 — aare the weights of the two ensembles. The union of the two systems leads to 
the statistical matrix p; X p2 where the cross denotes the Kronecker (direct) product. 

(c) The information content of an isolated system, or of an ensemble of isolated 
systems, should be independent of time. The change of the systems in the course 
of time is given in both classical and quantum mechanics by causal equations. 
Hence, the information which gives their state at one time gives it also at all other 
times as long as they are isolated. 

(d) In the process which is the opposite of that considered under (b), when a 
joint system is separated into two parts, the information content should, in general, 
drop, because any knowledge of statistical correlations between the properties of the 
two systems will be lost by considering them separate. 

(e) Finally, one should investigate the changes on the information content as a 
result of measurements. However, we shall not undertake this here. 

3. The Expressions for the Information Content and Their Invariances.—In clas- 
sical theory, one describes an ensemble by a distribution function f(p1,91,. . . ; Pn; Jn) 
in phase space. This gives the probability that the momenta p and coordinates q 
be in unit intervals at pi,...,p, and qi,. ..,gn, respectively. In quantum mechan- 
ics, the ensembles are described by a density matrix‘ p. The expectation value of a 
physical quantity to which the self-adjoint operator Q is coordinated, is given by 
the trace of Qp, to be denoted by TrQp. The density matrix p is positive semi- 
definite and self-adjoint. The state characterized by p can be regarded as a mix- 
ture of orthogonal states ¥,; these are the characteristic vectors of p. The char- 
acteristic value of ¥; is the probability p; with which y; enters p. Since Lp, = 1, 
the trace Trp = 1 and phasa pure point spectrum. 

The expression for the information content in classical theory is 

I, = Sdpdgq f Inf. (le) 
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S dpdq will always denote integration over the whole phase space, i.e., over all 
possible values of the 2n variables pi, gi,....Pn, Gn. In quantum mechanics, 


Il, = Trp lnp = & py ln py, (1q) 


The last expression results by assuming p to be in diagonal form. Evidently, J, is 
always negative, except if one deals with a pure state, that is, except if one pis 1, all 


others zero. Then/, = 0. 

The last remark shows that the information content of all pure states (states 
which can be described by a single state vector) is the same. This is not true 
for the skew information: whereas a characteristic vector of the conserved quantity 
k contains no such information, a state vector which lies skew to these characteristic 
vectors does. The expression proposed for the skew information of a pure state is* 


I, = DSlwk, a) |2k? — (XO |W(k, @)|2k)2. (1s) 
ka ka 


The state vector y in (1s) depends on the conserved quantity k and, considering 
that the characteristic vectors of k may be degenerate, another quantity, denoted 
by a. The expression (1s) is the mean square deviation of k from its average value. 
The expression (1s), valid for the skew information content of a state vector, can 
be extended in several ways for a statistical matrix. However, the extension pro- 
posed before’ is not tenable because it does not guarantee that condition (a) of the 
preceding section is fulfilled. We propose therefore 
I, = —VsTr[V/p, kl. (2) 
The brackets denote the commutator and 7p the positive semidefinite square root 
of the positive semidefinite p. Since both ~/p and k are hermitean, their commuta- 
tor is skew hermitean, and the square of the commutator hermitean and negative 
semidefinite. Hence, because of the minus sign in (2), J, is positive, unless p and 
k commute, in which case /, = 0. 
If p represents a pure state y(/, a), its matrix elements are, in the representation 
in which the coordinate axes are labeled by k and a, 


p(k, a; k’, a’) = lk, a)p(k’, a’). (3) 


The bar denotes complex conjugation. In this case, ~/p = pso that the k, a; k’, a’ 
matrix element of [+/p, kh] is ¥(k, a)P(k’, a’)(k’ — k) and one verifies that (2) con- 
tains (1s) asaspecial case. The purpose of the '/. on the right of (2) is to render the 
two expressions numerically equal. 

It is well known’ that the expression (lc) is invariant under canonical trans- 
formations. Similarly, one easily sees that (1g) remains unchanged if one sub- 
stitutes UpU~' for p with a unitary U. This is not true for (2), as the dif- 
ferent directions of Hilbert space are not equivalent from the point of view of skew 
information. However, if UV commutes with the conserved quantity k, that is, if it 
leaves the direction of its characteristic vectors unchanged, J for p and for UpU~! 
remain the same. Inthiscasek = UkU~'‘and, since (UpU~-')!?2 = UY U-, 


= 1/oTr[(Us/PU-!) 2 RI]? =-! eTrlUV p U-, UkU-"}? 


= — VTr{UlVp, kU}? = — 1/2 TUL Vp, KPU-! = — 1/2 Trio, kD. 
(4) 
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There is, evidently, one more set of transformations under which /, is invariant: 
those which transform / into a constant plus k. Hence, if k is a component of the 
linear momentum, /, is invariant under Galilei transformations. 

4. Verification of Condition (a) for the Proposed Expressions for the Information 
Content.—As was mentioned before, in spite of its rather obvious character, this is 
the most difficult condition to fulfill for the expressions under consideration. 
Mathematically, it amounts to the inequality, to be valid for0 <a < 1, 


I(ap, + (1 — a)p2) < al(pi) + (1 — a)l(p2). (9) 


In the classical case, f; and f2 replace p; and ps. The inequality (5) expresses the 
convex nature of J, as function of p and f, respectively. Since fora = O anda = 1, 
(5) becomes an equality, it will be guaranteed if the second derivative with respect 
to a of I(ap,; + (1 — a)p2) is nonnegative. This is, then, equivalent to the condition 
that, fore = 0 


I? 
aes I(p + ec) < O. (6) 
dé’ 


In (6), p is positive definite or at least semidefinite, ¢ need be only self-adjoint and 
such that p + eo be positive semidefinite for sufficiently small e. 

Conversely, (6) is also a necessary condition for (5) to be valid for all permissible 
p, and ps. In order to see this, set a = '/o, p1 = p — €¢, pp = p + ea, with an e 
small enough so that both p; and p» be positive semidefinite. Then, (5) becomes 


I(p) < '/2l(p — €0) + '/2l(p + a) (7) 


from which (6) follows if the derivatives exist and are continuous. 

For the expression of the information content of classical theory, (1c), the in- 
equalities (5) and (6) are well known: f In f is a convex function of f for positive f 
because its second derivative, 1/f, is positive. The convex nature of the operator 
function p In p follows from the investigations of F. Krauss and of J. Bendat and 8. 
Sherman.* From this, the validity of (5) for the /, of (1g) follows easily. The 
same result was established more directly by: M. Delbriick and G. Moliere.? 

We now proceed to the last case, that of skew information. In order to verify (6) 
for this case, we evidently need an expansion for 


(pte)2%=S+eN—27+.... (8) 


Since the left side is self-adjoint for all ¢, all matrices S, V, 7’, . .. will be self-adjoint. 
Squaring both sides of (8), one obtains 


S? = (9) SN + NS = a, (10) ST + TS = N?. (11) 


Since the positive definite or semidefinite square root of p occurs in (2), we shall 
need such a square root and S can be assumed to be positive definite or semi- 
definite. If it is positive definite, (10) uniquely determines N, and hence (11) deter- 
mines 7’. One can see this most easily by assuming S to be diagonal and writing out 
the matrix elements of (10) and (11). If p and hence S are only semidefinite, the 
consideration becomes somewhat more involved and we shall not deal with that 
case. Incidentally, it follows easily from (11) and the positive definite nature of S 
that T is also positive semidefinite.2 The condition (6) for 7; now reduces to the 
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condition that the coefficient of e in — '/.Tr[S + eN — &T7', k]* be nonnegative. 
Hence, we shall need 
q = '/eTr} [S,k][7,k] + [T,k][S,k] — [N,k]?} (12) 
and wish to prove that this is nonnegative. 
If one writes out the matrix in the braces of (12), interchanging the factors 
cyclically in a suitable fashion, one obtains 


q = VT rl 2SkTk — 2WSTk + 2TkSk — W2ATSk — 2NKNk + 2kN%k} 


= Tr) SkTk + TkSk — NKNk}. (13) 
The last line follows from (11). The right side is, in terms of its matrix elements, 


q => > Saskgyl' yahsa + T apk py +8sa _ N ask pyN veka 


= po bh ASigt oy + T ap 5s, i: NagN,,)kgy- (14) 


The bar denotes the conjugate complex; use has been made of the hermitean nature 
of all quantities. 

The gq in (14) is a hermitean quadratic form of the vector, the components of 
which are the matrix elements of k. It is the quadratic form of the matrix 


Q=SXT+TXS-NXWN (15) 


where the cross again denotes the Kronecker (direct) product. Hence, it must be 
shown that the matrix Q of (15) is positive semidefinite, if the relation (11) holds 
between S, 7, and N, and if S is itself positive semidefinite. This is a purely 
mathematical theorem which has been established recently.’ However, the proof 
will not be given here. Actually, it would suffice to show that Q is positive semi- 
definite for all vectors for the components of which the relation k,3 = kgq obtains. 
However, the more general theorem is valid. 

5. Verification of Condition (b).—It is condition (b) which prompted the use of 
the logarithmic function for J, and J,. In fact, in classical theory, the distribution 
function of the composite system is 


F(p, 9, 2’, 9) = S(p, DS (p', 7). (16c) 


The faet that the 7, calculated with the distribution function F is equal to the sum 
of the two /, calculated with the distribution functions f and f’ is a matter of simple 
calculation. 

In the quantum case, we have for the statistical matrix of the composite system 


P = p Xp’ (16q,s) 


where pand p’ are the statistical matrices of the systems to be united. Hence, 
InP =InpX1+1XIn9Q’ (179) 
VP = VpX Vo’. (17s) 


One concludes from (174) that ? ln P = pln p X p’ + p X p’ In p’, and the trace of 
this is 
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TrP In P = Trp In p-Trp’ + Trp-Trp’ In p’ 
= Trp ln p + Trp’ In p’ (189) 


since the traces of p and p’ are 1. Thus, condition (b) is established for /,. We now 
proceed to the consideration of /, and denote the operator of the additive conserved 
quantity in the Hilbert space of the composite system by K. Since this is additive, 
K=kX1+1Xk’'so that 


IVP, K] = [Vp X Ve’, kX 1+ [Vp X Vp’, 1 X ke’) 
= [Vp k] X Vp’ + Vp X [V/p’, k’] 


and 
IVP, K|? = [Vp, kl? & p’ + p XK [Vv 0’, hk’? 
+ [Vp kip X Vo’ [V p’, kh’) + Vol p, kl Xx [Vp’, kVp’. 


However, the trace of the expressions in the second line vanishes because, for in- 
stance, 
Tr[-V/p, k|V/p = Trv p k Vp — Trkp = 0). 
Hence, it follows from Trp = Trp’ = 1 
— VsTr[VP, K} = — /2T rp, kl — eT rho’, k. ——(188) 
Thus, condition (b) is valid. 

6. Verification of the Remaining Conditions.—I could depend on time, because f 
and p depend on time. However, these changes can be represented by canonical 
transformations in the case of f and by a transformation p ~ UpU~' with U = 
exp(?Ht/h) in the case of p. Hence, the independence of the / on time is a special 
case of the invariance of these quantities, discussed at the end of section 3. This 
applies, in particular, also to the skew information because k is an additive conserved 
quantity; it commutes with H. 

In classical theory, condition (d) is also easily verified. Using the notation 
adopted at the beginning of the preceding section, the distribution functions for the 
parts into which the composite system separates become 

S(p,q) = S° dp'dq’ F(p, 9, p', 7’) 
I'(p',q') = S° dpdq F(p, q, p’, 7’) 
where F is the distribution function of the composite system. Hence, we set 
F(p, 9, P', 9’) = S(p, DS (P', V) + gp, 9, B'S 7’): 
It follows from (19¢c) that 
S° dpdq g(p, 4, p', 9’) = S° dp'dq’ g(p, 9, p’, 9’) = 0. 
We want to prove then that 
S° dpdqdp'dq’ Fin F > Sf dpdq fin f X Sf dp'dq' f' Inf’. (22c) 


Since / In F is a convex function for positive F (its second derivative is everywhere 
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positive), it iseverywhere larger than the first two terms of its power series. Hence 
FinF=(f' +g inf’ +g) > H/' Inf’ + 1 + In fq. (23) 
It now follows that 


S° dpdqdp'dq’ F\n F > f° dpdqdp'dq' ff" \n ff" 
+ JS dpdqdp'dg'(1 + In ff’)g. (23a) 


The first term on the right side has been calculated at the beginning of the last 
section: it is equal to the right side of (22c). Hence, (22c) will follow from (23a) if 
its last term vanishes. This, however, is a consequence of (21c), since In ff’ = 
In f + In f’, so that one of the two equations (21c) applies to every term. 

For the quantum theoretical case, the condition (d) was proved by Delbriick 
and Moliére.’ It follows also from the convex nature’ of the operator function 
P |n P for positive P. 

We now go over to the consideration of the skew information J,. As was pointed 
out before,*® the situation with respect to condition (d), that is, the information 
content of the components of a composite system, cannot be expected to be as 
simple in this case as in those of the standard concepts /,and/,. We shall consider 
only the case in which the composite system can be described by a wave function y; 
in this case we shall find that condition (d) can also be verified. The components of 
y will be denoted by y,,, the first index a@ referring to the first of the systems into 
which the composite system will be separated; the second, 8, refers to the second 
such system. Hence, we have for the statistical matrices of the component systems 


Paa’ = be VapVa'p’ p’ ga’ = Vas as’: (24) 
B a 


It simplifies the formulae of the following calculation if one uses in the Hilbert 
space of both component systems coordinate systems in which the additive con- 
served quantity K is diagonal 

Kas;a'p’ = (ha + k’ 3) 5 aa’Opp’- 
A further simplification results from considering y as a matrix, with row index a and 
column index 8. One can then use for y the polar decomposition” 


Vas = ae Uayryg Or P= uh (26) 


in which u is unitary, h hermitean positive semidefinite. The decomposition (26) 
assumes that the indices a and 8 assume equally many values because both u and h 
are square matrices. This can be accomplished by adding rows or columns of zeros 
to the original matrix y. [rom the normalization condition of y, one infers 


Trh? = Trhh' = 1 (26a) 
In terms of u and h, we have, instead of (24) 
p= wt =ubtul op! = oP = Mulah = (h")? (27) 


The dagger denotes hermitean adjoint, the T transpose. 
The skew information (/,) of the composite system now becomes 


I, = DVealka + k's)*vos — D|Pas(ka + k's)agl? 
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= Tr(ythey + Pky! + 2pthpk’) — [Pr(ptkey + pk'y')|? 

Tr(pk? + p’k’? + plhpk! + pk'ptk); — |Trpthey + phy')|. (28) 
Some of the factors were cyclically interchanged under the trace sign. 

In order to calculate the skew informations 7, and 7,’ for the component systems, 
the positive semidefinite square roots of their statistical matrices, p and p’, are 
needed. As (27) shows, these are uhu' and h' respectively. Hence, 

i, = Tr(pk? — WpkV/pk) = Tr(pk? — uhutku hutk) 
i,’ = Tr(p’k’? — Sp’k'V p'k’) = Tr(p’k’? — Whk’hih’), 
so that 
I, — i, — i, = Tr(pthpk’ + pk’pth + hutku hutku + Ath’h'k’) 
— |Tr(pthky + pk'y'y|? 
= Trih(utku + k’)h(utku + k’)] — 


Tr[h(utku + k’)h]|*. (29) 
Since h is positive semidefinite, it has a positive semidefinite square root. If the 
first factor h in both traces is replaced by Wh hk and one of these made the last 
factor, the expression for the excess of the skew information of composite over 


component systems assumes the form 


I, — i, — i,’ = Tr(jj*) Tr(hht) — [Tr(jth)|? (30) 


where j = SYh(utku + k’)\/h. The Tr(hh*) could be added as a factor since 
(26a) shows that its value is unity. That (30) is, for arbitrary j and h, positive or 
zero, follows easily, however, by means of Schwarz’s inequality. Hence, condition 
(d) is also satisfied for the 7, of (2), at least if the composite system is in a pure 
state. This concludes our demonstration. 


We are not convinced that (2) is the only definition of the skew information 
which satisfies the postulates of section 2._ Apart from more or less trivial general- 
izations of (2) (such as a linear function of J, with positive slope), we have con- 
sidered the definition 7, = —Tr({(p, k][In p, k]). As Professor Dyson remarked, 
this and (2) are special cases of the more general expression —Tr [(p”, k][p'~*,k}) 
with 0 < 8 < '/s, the logarithmic expression being the limiting case 8 > 0. It has 
the disadvantage of giving an infinite /, for a singular p (for instance, if p represents 
a pure state) unless it commutes with k. For this reason, and because of its sim- 
plicity, we prefer the J, of (2). 


One of the authors (M. M. Y.) is greatly indebted to Prof. J. R. Oppenheimer and the Institute 
for Advanced Study for their cordial hospitality. 
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DRUGS AFFECTING RNA AND LEARNING* 
By T. J. CHAMBERLAIN, G. H. Roruscuiip, ano R. W. GERARD 
MENTAL HEALTH RESEARCH INSTITUTE, ANN ARBOR, MICHIGAN 
Communicated April 24, 1963 


The fixation or consolidation of experience upon which learning is based has 
been postulated to result from a dynamic process causing a permanent. struc- 
tural change in the neurons or neural networks of the CNS.'.2 Intraneuronal 
macromolecules, in particular ribonucleic acid (RNA), have been suggested as 
critical sites of these structural changes.* Several investigators have studied this 
hypothesis and have offered empirical evidence in its support.*° The following 
experiments were undertaken in light of this attractive hypothesis to establish 
whether learning phenomena can be affected by drugs which have a profound effect 
on RNA metabolism. 

Methods and Materials.—It has been shown that a postural asymmetry in the 
hind limbs, induced by a unilateral cerebellar or vestibular lesion, will persist after 
mid-thoracic spinal cord transection, providing sufficient time is allowed for this 
asymmetry to “fixate” in the cord before transection. The fixation time is 
measured between the onset of asymmetry and the transection. 

Attempts were made to alter the fixation time in the spinal cord, the learning and 
retention of an avoidance task, and the solution of & maze problem by administer- 
ing drugs reported to alter RNA metabolism: the nucleic acid (and protein) anti- 
metabolite, 8-azaguanine; and the nucleic acid (and protein) stimulator, 1,1,3- 
tricyano-2-amino-l-propene, a dimer of malononitrile obtained from the Upjohn 
Company (U-9189). 

Spinal cord fixation: A total of 124 Holtzman-derived male albino rats weighing 350-400 gm were 
used. Twenty were injected intraperitoneally with 50, 150, or 200 mg/kg (N = 9, 8, and 3, re- 
spectively ) of 8-azaguanine, volume 1.5-4.0 ec, 1.75-6.75 (average 5) hr prior to the development 
of the centrally induced hind limb postural asymmetry. The lesions were made by unilateral abla- 
tion of the anterior cerebellar lobe in 3 rats and electrolytically by a stereotaxic placement of an in- 
sulated stainless steel electrode unilaterally into the vestibular nucleus in the other 17, 2 ma of 
anodal current being applied for 15sec. Sixteen of the latter received electrolytic decerebrations to 
eliminate the necessity of any further anesthesia. Twenty-five animals were injected with 8, 10, 
or 15 mg/kg (N = 2, 18, and 5, respectively) of U-9189, volume 0.5-1.2 cc, O-4 (average 2.5) hr 
prior to the development of the asymmetry. The lesions were made by ablation in 3 rats and 
electrolytically in 22. Twenty of the latter received electrolytic decerebrations. An additional 
16 animals were injected with 8 mg/kg of U-9189 for 4 consecutive days, the lesioning being made 
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on the 5th or 6th day to minimize any possible toxic side effects of the drug. All of these animals 
received electrolytic lesions and decerebrations. Fifty-one control animals, reported in a pre- 
vious paper,® were either injected with saline (0.75 or 4.0 cc) 0-5 hr prior to the development 
of the asymmetry or received no injections. These two groups did not differ and will be considered 
together. The lesions were made by ablation in 30 rats and electrolytically in 21. Eighteen of the 
latter had electrolytic decerebrations. A second control series of 12 rats was run with the second 
U-9189 group. These control animals received 4 consecutive daily injections of saline (0.55-0.65 
ec) and were run on the 5th and 6th day with the experimental ones. Electrolytic decerebrations 
and lesions were used on all of these. No differences were seen between the decerebrate and non- 
decerebrate groups, nor between the ablation and electrolytic lesion groups, and they will be con- 
sidered together. A persistence of less than 3 mm asymmetry after cord section was considered 
not significant, a persistence of 5 mm or more was positive, and persistence of 4 mm was 
equivocal (+). 

Avoidance conditioning: Eighty rats of the same strain and weight range as for the cord work 
were pretrained by presenting them with 25 10 sec, 2 ma, scrambled shocks to the feet in a plain 
cylinder.?, The animals were then randomly placed in four equal groups: 8-azaguanine (50 mg/kg) 
4 hr prior to testing, intraperitoneal; 8-azaguanine saline control; U-9189 (15 mg/kg) 45 min prior 
to testing; and U-9189 saline control. The behavioral task consisted of pushing a bar during a 
10-sec buzzer interval to avoid a 2 ma shock to the feet by means of a Forringer scrambler and 
shock grid. In the absence of a response before shock, the buzzer and shock continued simul- 
taneously until a response occurred. If a rat failed to turn off the shock in 180 sec, the trial was 
terminated; if this occurred more than once, the animal was discarded. (One suline and two 8-aza- 
guanine subjects were eliminated in this way.) The procedure was repeated for 25 trials with 
pseudorandom intertrial intervals, range 30-210 (average 120) sec. Following conditioning, 
subjects were returned to their individual cages and the procedure was repeated after 24 and 48 hr. 

Hebb-Williams maze: Eighty male rats of the same strain but weighing 250-300 gm each were 
placed on a restricted diet until they had lost approximately 15% of their body weight. After this 
time, the animals were permitted to gain so as to be 15% below their projected body weight as de- 
termined by an ad libitum fed group of rats of the same age and sex. They were then introduced 
to a Hebb-Williams maze without partitions, to familiarize them with the situation, and then given 
the six standard Hebb-Williams training problems and the first three standard test problems.2 On 
the basis of each animal’s performance on the three test problems, subjects were divided into four 
matched groups, with drug administration as for the avoidance conditioning experiments. Half the 
animals in each group were then run in massed trials, each receiving all its trials in succession; the 
others were run in spaced trials, two other animal trials being intercalated between successive trials 
of each individual. Any rat that failed to reach the goal box in 3 min was coaxed along the correct 
path to the end of the maze. Animals were run for 11 days, with drug on days 1-4 and 7-10. Ten 
trials were run each day except for problems 5 and 10, which had 5 trials a day and were used two 
days each. Days and problems were as follows; day 1, problem 4; days 2 and 3, problem 5; 
day 4, problem 6; day 5, problem 7; day 6, problem 8; day 7, problem 9; days 8 and 9, problem 
10; day 10, problem11; and day 11, problem 12. Errors and time to traverse the maze were recorded. 

Results.—Spinal cord fixation: The results are summarized in Table 1, where the 
average hind-limb asymmetry before cord transection is compared to the per- 
sisting asymmetry following transection. The critical time interval for fixation, 
from onset of asymmetry to cord section, is also recorded. The original controls, 
as well as the 4-injection controls, required 45 min to “fixate” the hind-limb pos- 
tural asymmetry (Figs. 1 and 2). In marked contrast, the 8-azaguanine animals 
required 70 min for fixation (Fig. 3) while the 4-injection U-9189 ones required 
only 30 min (Fig. 4). In all cases, some asymmetry was lost on section; maximum 
retention, over 50%, was reached in 1 or 2 hr. The single-injection U-9189 
rats, which were operated shortly after drug administration, did not exhibit any 
critical time interval for fixation; in fact, they seemed feeble in fixating the pos- 
tural asymmetry, regardless of time (Fig. 5). Considering only those rats which 
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received the single U-9189 dose 
2.75 hr or more before the 
+e Rereiehenhe SE eareeery onset of asymmetry, and were 
allowed at least 45 min for 
fixation, a 4.6 mm persistence 
was seen. 
O + Loss of asymmetry No experimental or be- 
45 minutes havioral differences were seen 
i eo a eam vetween the dose groups in the 
btarel beeeen davalegment of ewmmety ed cord socton (minded drug-injected animals, _al- 
though those receiving 150 
and 200 mg/kg 8-azaguanine 
showed reduced activity when 
placed in an activity wheel. 
Avoidance conditioning: On 
the initial avoidance condi- 
tioning day, the groups sepa- 
rated according to the time 
interval between injection and 
testing in mean latency per 
; a ee a a : es Te trial (Fig. 6). This difference 
” timingmbdwigewum@uesa §~~—~ eee ha 
though it is not reflected in 
the mean number of avoid- 
ances (Fig. 7). In testing re- 
tention on day 2, however, 
the group receiving U-9189 was superior 
to all other groups both in number of 
avoidances and mean latency (p < 0.05), 
and these differences were accentuated 
on the final day (p < 0.02). There was no 
significant difference between the other 
three groups (Iigs. 6 and 7). 
Hebb-Williams maze: There was no 
oe ee Significant difference between any of the 
Aa een ae groups either in number of errors or in 
time to traverse the maze. 
Discussion.—The antimetabolite 8- 
azaguanine has been shown to be readily 
incorporated into the RNA of various 
bacteria and mammalian cells,*~' to in- 
hibit adaptive enzyme formation,'® and 
to decrease the uptake of cellular amino 
acids.'® 7 Intracisternal injections of 
8-azaguanine-2-C'4 into rats showed max- 


Untreated Cor 


45 minutes 


5 


Average Persistence of Asymmetry (mm) 


Fig. 1. 


imum incorporation into the brain RNA 
in 30 min.'8 
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TABLE 1 
Amount or ASYMMETRY PERSISTING FOLLOWING SpInAL Corp Section av Dirrerent TIMES 
\v asymmetry Fixation Av asymmetry Critical 


produced interval persisting fixation 
Treatment (mm) (min) (mu) time (min) 


Control i7 .7 10 or less 1.4 15 
45 or more 9.4 

Control (four 19.2 10 or less 0.! 15 
saline injections) 45 or more = 


7 

8-azaguanine 65 or less 1. 

70 or more 8.8 
1.é 


U-9189 (four ’ P 25 or less 
injections) 30 or more 6 


U-9189 (single 10 or less 1. 
injection) 45 or more 3 


Malononitrile was claimed by Hydén 8 - AZAGUANINE 
and Hartelius to stimulate the produc- meee SS 70 minutes 
tion of nucleoprotein in the nerve cells Ansty 
of the spiral ganglion, pyramidal cells 
of the cerebral cortex, and motor 
neurons of the spinal cord in the rab- 
bit.'® The failure of other workers to 
duplicate these results was attributed to 
an impurity found by Mendelson et al.” 
in the malononitrile of Hydén’s group 0 0 © 0 © 5 © 0 6 
which has been identified as the dimer ee ee Seen 0 eee 
1,1,3-tricyano-2-amino-1-propene.*! 

To avoid the possible traumatic and 
toxic effects of intracisternal injec- 
tions, we chose to administer the 
drugs via the intraperitoneal route in 
large doses. Doses of 50 mg/kg or less 
of 8-azaguanine and 15 mg/kg or less 
of U-9189 have no effect on the ac- 


tivity or food and water intake of our Fuse 
rats.” —_ ae OS'S cee ee 


Three behavioral situations were Na ee ee 
chosen to test these drugs, ranging 
from the highly specific spinal cord 
preparation to the very general Hebb-Williams maze problems. In the spinal 
cord preparations, the action of the descending pathways on the isolated motor 
neurons causes a highly specified response. 8-azaguanine clearly prolonged the 
time interval for fixation of the postural asymmetry in the spinal cord from the 
usual 45 min to 70 min. No significant effect was seen with this drug on the more 
complex avoidance conditioning and learning of the maze problems. 

The spinal cord fixation process seemed to be disrupted in the U-9189 animals 
injected on the day of the experiment. This was supported by the fact that sub- 
jects which had time to reduce their blood concentration of this drug showed equiv- 
ocal fixation. The series of 4 injections of U-9189 was run in an attempt to sep- 


* Loss of Asymmetry 


(each symbol represents one anima! ) 


8- AZAGUANINE 


Asymmetry (mm) 


Average Persistence of 


interval between development of asymmetry and cord section (minutes) 


Fic. 3. 
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arate the stimulating effect of this drug on RNA metabolism from its apparent 
toxic effect on the fixation process. It was clearly shown that the fixation time 
was now shortened from the usual 45 min to 30 min or less. 

The U-9189 rats in the avoidance conditioning group did not differ significantly 
from their controls on the day of injection; whether from a failure of the drug to 
enhance learning or to an interaction of stimulation and toxic inhibition, cannot 
be stated at present. The U-9189 rats did, however, exhibit significantly superior 
retention of the problem on the days following the injection. This delayed en- 
hancement precludes the interpretation that only emotionality or arousal is in- 
volved. The effect could be attributed to an over-all improvement in retention 
of this relatively specific task or to a decrease in fixation time. The latter inter- 
pretation is favored by our work and by experiments showing an optimum inter- 
trial interval for avoidance conditioning,** shorter intervals probably permitting in- 

terference with the fixation of the 

vee previous trial. 
se cas The failure of the Hebb-Williams 
maze problems to discriminate be- 
tween drug groups is not in agree- 
ment with Dingman and Sporn’s 
investigation involving the effects 
of 8-azaguanine on maze learning.'® 
Since there were great divergences 
between the two studies—in be- 


+=Persistence of Asymmetry 


OLoss of Asymmetry 


"SS =a Se le: Sle havioral task, motivational state, 
Interval between development of asymmetry ond cord section (minutes) and route and dosage of drug ad- 


(each symbol represents one animal) 


ministration—the results need not 

be considered as contradictory but 

y-989 rather simply as not comparable. 

i a That a series of maze problems 

does not show an alteration in learn- 

ing when the neuronal constitu- 

ents are manipulated may only in- 

dicate that the maze is not a fruitful 

indicator. Not only does a maze 

permit a maximum of individual 

ae “Bae pes ra cae ie’ gee? differences, thus adding to the vari- 

Interval between development of osymmetry and cord secton(mnutes) ability of both experimental and 

control groups, but it permits learn- 

ing in so many different sensory 

modalities and with such a variety of specific motor acts, that the effects of the 
drugs may be completely buried. 

The hypothesis that RNA is an essential link in the laying down of the engram is 
not proved here. Nevertheless, it is strongly supported by some aspects of these 
data and by the work of other investigators. Corning and John*‘ have shown that 
planaria regenerated from the tails of conditioned animals perform well unless re- 
generated in the presence of RNAase, in which case they perform randomly. Mor- 
rell® has produced cortical epileptogenic lesions, by local application of ethyl 


3 


re) 





Average Persistence of Asymmetry (mm) 





°o 


Fia. 4. 
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chloride spray, and found “2162 

‘ ale js + Persistence of Asymmetry (single injection) 
RNA changes in the mirror 
focus. Further evidence has 
been advanced by Hydén and 
Kgyhazi,** who found an in- 
creased RNA and_ increased 
adenine/uracil ratio in the 
balancing nuclei (Deiter’s) of * Loss of Asymmetry 
rats taught to walk a wire and 
balance on a small platform 

1 0 2 30 40 80 60 “eo 90 © i380 
for a reward. Caged controls 
interval between development of asymmetry and cord section (minutes) 
showed no change, and rotated (each symbol represents one onime! } 
animals, a diffuse RNA in- 
u-9/89 

crease. Recent work by sngie injection) 43 minutes 
Flexner et al.?7 has shown that 
puromycin, which inhibited 
protein synthesis by 83%, was 
without effect on the learning 
and retention of simple or dis- 
crimination avoidance _ re- 
sponses in the mouse. Al- 
though not definitive, these 
results suggest that RNA is a 

. ° ° 80 90 "5S 130 
not acting via the synthesis of Interval between development of asymmetry and cord section (minutes) 
proteins in affecting learning 
and memory. 

Although the drugs used in this experiment have a rather specific effect on 
RNA metabolism, one cannot be certain that it is their only effect. Experiments 
with U-9189 and puromycin will be especially interesting; and further experiments, 
utilizing also other drugs with highly specific intracellular actions for their effects 
on the simpler learning situations, are planned. 

If RNA is involved in the memory trace, it may be influenced at several steps and 
may, in turn, act by influencing protein synthesis. Whether a particular RNA 


45 minutes 


Averoge Persistence of Asymmetry (mm) 
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molecule arises by modification of its own synthesis or disposition, a Larmarckian 
type of inheritance as in social evolution, or by a selection from an array of existing 
types, as in a Darwinian type of inheritance, as in biological evolution, is an un- 


explored problem. So also is the really basic question of how a patterned flow of 


information, in nerve impulse events, becomes stored information in neuron ma- 
terials, so patterned as to be specifically responsive to the initial inflow pattern and 
to emit the appropriately patterned outflow of information-carrying impulse events. 
These points are considered in a recent symposium volume.” 

* This research was supported in part by research grant MY 1379 from the U.S. Public Health 
Service. The authors gratefully acknowledge the technical assistance of Mr. Scot Buckley and 
Mrs. Jessie Shelby in the avoidance conditioning and Hebb-Williams maze experiments. 

' Gerard, R. W., Am. J. Psychiat., 106, 161-173 (1949). 

2? Hebb, D. O., The Organization of Behavior (New York: John Wiley & Sons, 1949). 

3’ Hydén, H., in 4th International Congress of Biochemistry Proceedings, vol. 3, 64—89 (1959), 

4 Gerard, R. W., in Brain Mechanisms and Learning, ed. J. F. Delafresnaye (Springfield: C. ( 
Thomas & Sons, 1961), pp. 21-33. 

Schmitt, F. O., Macromolecular Specificity and Biological Memory (Cambridge: MIT Press, 
1962). 

6 Chamberlain, T. J., P. Halick, and R. W. Gerard, The Physiologist, 4, 17 (1961) (Abstract); 
and J. Neurophysiol. (1968, in press). 

7 Rothschild, G. H., Eastern Psychol. Assoc. Report, New York (April 1960). 

§ Rabinovitch, M.S., and H. E. Rosvold, Canad. J. Psychol.,5, 122-128 (1951). 

® Lasnitzili, I., R. E. Matthews, and J. D. Smith, Nature, 173, 346-347 (1954). 

1 Matthews, R. E. F., J. Gen. Mierobiol., 10, 521-532 (1954). 

1! Mandel, H. G., P. E. Carlo, and R. K. Smith, J. Biol. Chem., 206, 181-189 (1954). 

12 Mandel, H. G., G. I. Sugarman, and R. A. Apter, J. Biol. Chem., 225, 151-156 (1957). 

13 Brockman, R. W., M. C. Sparks, and M. 8. Simpson, Biochim. Biophys. Acta, 26, 671-672 
(1957). 

4 Smith, J. D., and R. E. F. Matthews, Biochem. J., 66, 323-333 (1957). 

4 Creaser, E. H., Biochem. J., 64, 539-545 (1956). 

16 Mandel, H. G., and R. L. Altman, J. Biol. Chem., 235, 2029-2035 (1960). 

17 Roodyn, D. B., and H. G. Mandel, zbid., 2036-2044. 

18 Dingman, W., and M. B. Sporn, J. Psychiat. Res., 1, 1-11 (1962). 

19 Hydén, H., and H. Hartelius, Acta Psychiat. Neurol. Scand., Kbh., Suppl. 48 (1948). 

2 Mendelson, J., J. H. Mendelson, B. Fax, and R. G. Grennell, Science, 120, 266 (1954). 

21 Eberts, F.S., Jr., G. Slomp, and J. L. Johnson, Arch. Biochem. Biophys., 95, 305-309 (1961). 

22 Rothschild, G. H., unpublished observations. 

23 Thompson, R., and D. F. Pennington, J. Comp. Physiol. Psychol., 50, 401-404 (1957). 

*4 Corning, W. C., and E. R. John, Science, 134, 13863-1365 (1961). 

25 Morrell, F., in Brain Mechanisms and Learning, ed. J. F. Delafresnaye (Springfield: C. C 
Thomas & Sons, 1961), pp. 375-392. 

°6 Hydén, H., and E. Egyhdzi, these PRocEEDINGs, 48, 1366-1373 (1962). 

27 Flexner, J. B., L. B. Flexner, FE. Stellar, G, de la Haba, and R. B. Roberts, J. Neurochem., 9, 
595-605 (1962). 

8 Fields, W. S., and W. Abbott, ed., Jnformation Storage and Neural Control (Springfield: C. C 
Thomas, 1963). 





Von. 49, 1968 ADDENDUM AND ERRATUM 


ADDENDUM 


A sentence was omitted from the manuscript entitled “Identification of the 
Immune System Responsible for the Specificity of Actively Acquired Tolerance 
in Mice,” by G. Doria, which was published in the March issue of these Pro- 
CEEDINGS (volume 49, pp. 281-286, 1963). The sentence “‘Immediately after 
the intravenous injection, all groups of recipients were given intraperitoneally 
1 ml of 1 per cent rat RBC.” should be inserted between lines 23 and 24 of page 


282. 


ERRATUM 


In the article entitled “Cohesion of DNA Molecules Isolated from Phage 
Lambda,” by A. D. Hershey, Elizabeth Burgi, and Laura Ingraham, which was pub- 
lished in the May issue of these ProceepiINGs (volume 49, pp. 748-755, 1963), the 
exponent in equation (1) should be 0.35. This equation appears on page 752. 
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